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NOTES  ON  THE  ORGANIZATION  OP  NDBO 


Tie  dutise  of  the  National  Defects  Research  Committee 
wars  (1)  to  recommend  to  the  Director  of  OSRD  rn table 
projects  end  research  programs  or  the  instnimeotiUtiee  of 
warfare,  togotber  with  con'raot  facilities  for  carrying  out  these 
projccU  end  programs,  and  (2)  to  administer  tire  technical 
•nd  scientific  work  of  the  contract*.  Mora  specifically,  NDRC 
functioned  bv  Initiating  research  projects  on  rc-queD*  from 
the  Amy  or  the  Navy,  or  on  requests  from  an  allied  govern¬ 
ment  transmitted  through  the  liaison  Offioe  of  03 RD,  or  on 
its  own  ccasidf-od  initiative  as  a  result  of  the  experience  of 
Ite  member*.  Proposals  prepared  by  the  Division,  Panel,  or 
Committee  for  rroaAreh  contracts  for  performance  of  the 
work  Involved  In  such  projects  were  first  reviewed  by  NDRC, 
and  If  approved,  reoommunded  to  i  to  Director  of  OSRD. 
Upon  approval  of  a  proposal  by  the  Director,  a  contmct  per- 
rrittlng  rn^yimuoi  flexibility  of  edoatifio  effort  was  arranged. 
Tha  business  aspects  of  the  contract,  Including  iveh  matter* 
as  run  Urn  sis,  clearance*,  voucher*,  patents,  priorities,  legal 
matters,  ar.d  administration  of  patent  matters  wen  h«wA)<yj 
by  tha  Executive  8ocretary  of  OSRD. 

Originally  NDRC  ndrnlniaterod  its  work  through  five 
divisions,  each  headed  by  out  of  tha  NDRC  member*. 
These  wen: 

« 

Division  A — Armor  and  Ordnance 
Division  B — Bombs,  Fuels.  Uaens,  it  Chemical  Problems 
Division  C— Communication  and  Transportation 
Division  D — Detection,  Controls,  and  Instruments 
Division  E— Patents  and  Invention* 


In  a  reorganisation  in  the  fall  of  *942,  twenty-three  ad¬ 
ministrative  divisions,  pends,  or  committees  wore  created, 
each  with  a  chief  selected  on  the  bacla  of  his  eubitenc 
work  lb  the  particular  field.  The  NDRC  member*  then 
came  a  reviewing  and  advicory  group  to  tbo  Director 
OSRD.  The  final  organisation  was  aa  follows: 

Division  } — Bsllistio  Rmcareh 
Division  2— Effects  of  Impact  and  Explosion 
Di  virion  3 — Rocket  Ordnance 
Divio! on  4 — Ordnance  Accessories 
Division  6 — New  Mlrriles 
Division  9  —Sub-Surface  Warfare 
Division  7 — Fire  Control 
Division  8 — Explosives 
Di  virion  9 — Chemistry 
Division  10— Abvcrboste  and  Aerosols 
Division  11— Chemical  Engineering 
Division  12— Transportation 
Division  13-  —Electrical  Communication 
Division  14 — Radar 
Divirion  15 — Radio  Coordination 
Division  19— Optics  ar.d  Camouflage 
Diviuion  17— Phyaioe 
Division  1C— War  MotaHuruy 
Division  19 — Miscellaneous 
Applied  M&thenntica  Panel 
Applied  Psychology  Panel 
Committee  on  Propagation 
Tropical  Dotorioratlcn  Administrative  Committee 
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NDRC  FOREWORD 


as  kvxnts  of  the  jun  preceding  1940  levelled  more 
A  and  more  clearly  the  aeriouineu  of  the  world 
situation,  many  scientist*  in  this  country  came  to 
realize  the  n id  organizing  scientific  research  fee 
service  in  a  national  eme-gency.  Recommendations 
which  they  made  to  the  White  House  were  given  care* 
ful  and  sympathetic  attention,  and  ti  a  result  the 
National  Defense  Research  Committee  [F^BC]  was 
formed  by  Executive  Order  of  the  President  in  the 
cummer  of  194(1  The  members  of  NDRC,  appointed 
by  the  President,  were  instruct'd  to  supplement  the 
work  of  the  Army  and  the  Navy  in  the  development 
of  the  instrumentalities  of  war.  A  year  later,  upon  the 
establishment  of  the  Office  of  Scientific  Research  and 
Development  [OSRD],  NDRC  became  one  of  its  units. 

The  Summary  Technical  Report  of  NDRC  is  a 
conscientious  effort  on  the  part  of  NDRC  to  summa¬ 
rize  and  evaluate  its  work  and  to  present  it  in  a  useful 
and  permanent  form.  It  comprises  some  seventy  vol  ¬ 
umes  broken  into  groups  corresponding  to  the  NDRC 
Divisions,  Panels,  and  Committees. 

The  Summery  Technical  Report  of  each  Division, 
Panel,  or  Committee  is  an  integral  survey  of  the  work 
of  that  group.  The  first  volume  of  each  group's  report 
contains  a  summary  of  the  report,  stating  the  problems 
presented  and  tho  philosophy  of  attacking  them,  and 
summarizing  the  results  of  the  research,  development, 
and  training  activities  undertaken.  Some  volumes  may 
bo  "state  of  the  art”  treatises  covering  subjects  to 
which  various  leeeaich  groups  have  contributed  in¬ 
formation.  Others  may  contain  descriptions  of  devices 
developed  in  the  laboratories.  A  master  index  of  all 
there  divisional,  panel,  and  committee  report*  which 
together  constitute  tho  3umiccry  Technical  Report 
of  NDRC  is  contained  in  a  separate  volume,  which 
also  includes  the  index  of  &  microfilm  record  of  per¬ 
tinent  technical  laboratory  reports  and  reference 
material. 

Borne  of  the  NDKC-aponsored  researches  which  had 
been  declassified  by  tho  end  of  1915  were  of  sufficient 
popular  interest  that  it  was  found  desirable  to  report 
them  in  tiro  form  of  monographs,  such  as  the  series 
on  radar  by  Division  14  and  the  monograph  on  aam- 
pling  inspection  by  the  Applied  Mathematics  Panel. 


Since  the  materiel  treated  in  them  is  not  duplicated 
in  the  Gummaiy  Technical  Report  of  NDRC,  the 
monographs  are  an  important  part  of  the  atoty  el 
these  aspect*  of  NDRC  research. 

In  contrast  to  the  information  on  radar,  which  is 
of  widespread  interest  and  much  of  which  U  released 
to  the  public,  the  research  on  subsurface  warfare  ia 
largely  classified  and  it  of  general  interest  to  a  mow 
restricted  group.  Aa  a  consequence,  the  report  of 
Division  6  is  found  almost  entirely  in  it*  Summary 
Technical  Roport,  which  r^ns  to  over  twenty  volumes. 
The  extent  of  the  work  of  a  division  cannot  therefor* 
be  judged  solely  by  the  number  of  volumes  dovoted 
to  it  In  the  Summary  Technical  Report  of  NDBO; 
account  mutt  be  taken  bf  the  monographs  and  avail¬ 
able  reports  published  elsewhere. 

The  research  program  of  Division  2,  first  under  the 
leadership  of  John  E.  Burchard  and  then  of  E.  Bright 
Wilson,  Jr.,  included  studies  of  underwater  explosions, 
of  muzzle  blast  effects  in  high  velocity  guns,  the  ter¬ 
minal  ballistic*  of  concrete  and  plastic  armor,  and 
defenses  against  shaped-charge  projectiles,  to  name 
but  a  few  of  the  projects  described  in  the  Division's 
Summary  Technical  Report,  which  has  been  prepared 
under  tho  direction  of  the  Division  Chief  and  ha*  bam 
authorized  by  him  for  publication. 

The  most  dramatic  example  of  the  work  of  Division 
2  was  the  study  of  bombs  of  the  blockbuster  type. 
The  blockbuster  was  the  exclamation  point  to  a  po¬ 
grom  of  research  aimed  at  establishing  principles  .-.•r 
the  selection  of  weapons  designed  to  achieve  maximum 
damage  against  a  given  target  for  a  given  expenditure 
of  energy.  Tho  Division’*  etudy  on  the  effect*  of  explo¬ 
sions  in  variou*  type*  of  soil  is  a  project  of  gr  it  im¬ 
portance  to  a  work  in  which  any  next  war  may  Involve 
n.tomio  tombs  and  guided  missiles.  We  join  the  nation 
in  expressing  gratitude  for  Division  2'*  valuable  war¬ 
time  achievement*. 

Vaxnevab  Bubu,  Director 
Office  of  Scientific  Research  and  Development 

J.  B.  Conaky,  Chairman 
National  Defense  Research  Oommittaa 


FOREWORD 


The  mxcxrat.  objective  of  Division  2  wu  to  place 
the  use  ot  weapons  and  of  defensive  materials  on  a 
quantitative,  engineering  basis.  Scientific  studies  were 
therefore  carried  out  on  terminal  ballistics,  on  explo¬ 
sions  in  air,  earth,  and  water,  and  on  certain  properties 
of  materials,  with  the  object  oi  providing  the  base 
data  necessary  for  the  rational  employment  of  bomba, 
projectiles,  explosives,  etc.  At  alt  times,  the  priuciple 
was  kept  uppermost  that  practical  results  would  inevi¬ 
tably  follow  from  a  deeper  scientific  understanding  of 
the  physics  and  chemistry  of  the  phenomena  involved 
in  the  action  of  weapons. 

It  is  hoped  that  the  present  volume  will  be  useful 
to  thoee  groups  who  are  carrying  an  work  dealing  with 
the  design  .or  employment  of  weapons.  It  should  also 
be  useful  in  the  event  of  &  future  war  in  giving  new¬ 
comer*  to  the  field  a  concise  survey  of  the  state  of 
knowledge  at  the  end  of  World  War  II.  • 

The  field  of  activity  of  Division  2  touched  upon 
those  of  several  other  divisions,  particularly  Division 
1,  Ballistdo  Research,  Division  8,  Explosives,  Division 
11,  Chemical  Engineering,  Division  17,  Physics,  Divi¬ 
sion  18,  War  Metallurgy,  and  the  Applied  Mathematics 
Panel.  The  work  on  the  terminal  bgllistia  of  hyper¬ 
velocity  projectiles  carried  out  at  Princeton  wea  natur¬ 
ally  of  importance  to  Division  1,  which  was  developing 
means  for  producing  theso  high  velocities.  The  coordi¬ 
nation  with  Division  8  was  at  all  times  very  close ;  in 
fact,  three  of  the  contracts  of  Division  2,  namely  those 
with  Cornell  University  (undor  J.  0.  Kirkwood),  the 
Stanolind  Oi’  »v  1  Gas  Company  (undor  Daniel  Silver- 
man),  and  the  Woods  Hole  Oceanojjraphio  Institution, 
were  originolly  assigned  to  Diviclon  8.  Divisions  2  and 
11  and  the  Applied  Mathcmr ,.^a  Panel  cooperated  on 
various  bombing  problems,  especially  those  dealing 
with  the  relative  effectiveness  of  high-explosive  and 
incendiary  t^nbs.  The  contacts  with  Division  17 


were  concerned  chiefly  with  the  problem  of  neutralis¬ 
ing  land  mines ;  thoee  with  Division  18  wen  related . 
to  the  properties  of  metals  at  high  rates  of  strain.  Ons 
contract,  with  the  California  Institute  of  Technology, 
was  transferred  from  Division  2  to  Division  18. 

The  technical  material  which  is  described  in  this 
volume  is  the  work  of  many  people,  not  oil  of  whom 
were  connected  with  Division  2  of  National  Defense 
Research  Committee.  The  work  of  many  British  labo¬ 
ratories  needs  to  be  especially  mentioned,  since  the 
British  were  particularly  effect;  vo  in  the  fields  covered 
by  Division  2.  Also,  our  own  Service  laboratories  contrib¬ 
uted  much  to  this  type  of  work.  Among  the  Division  2 
contracts,  the  largest  were  tho  Princeton  University 
Station,  directed  by  Walter  Bleakney,  and  the  Under¬ 
water  Explosives  Research  Laboratory  at  Woods  Hole, 
under  Paul  C.  Cross.  The  Duke  University  contract, 
under  Paul  M.  Gross,  deserves  special  mention  also, 
because  of  the  successful  development  of  the  frangible 
projectile  for  gunnery  training. 

The  preparation  of  this  volume  has  been  a  coopera¬ 
tive  effort  by  a  group  of  men,  all  of  whom  were  directly 
engaged  during  the  wAr  on  tlio  projects  about  which 
they  have  written.  To  these  authors,  R.  A.  Beth,  P.  W. 
Bridgman,  P.  C.  Cross,  C.  W.  Curtis,  P.  M.  Gross, 
W.  D.  Kennedy,  C.  W.  Lampson,  A.  E.  Puckett,  E.  M. 
Pugh,  W.  G.  Schneider,  J.  J.  Slade,  Jr.,  R.  J.  Sluts, 
J.  G.  Stipe,  Jr.,  and  M.  P.  White,  goes  tho  credit  for 
tho  high  level  of  technical  writiug  in  tho  chapter* 
which  follow.  The  successful  coordination  of  this 
joint  operation  ia  due  to  Merit  P.  White  who  has  very 
ably  edited  the  volume  ond  organised  the  separate 
chapters  into  a  coherent  whole. 

E.  Bbight  Wimoh,  Je. 

Chief,  Division  8 


PREFACE 

■> 

i  « 

Thu  volume  la  not  designed  to  be  a  detailed  record  would  be  used.  Because  of  the  Importance  of  these 
of  all  work  of  Division  2.  The  time  available  for  ite  fcnction*— getting,  organizing,  and  dispensing  Inf  or- 
preparation,  no  leas  than  the  type  of  reader  for  whom  nution  on  weapon*— net  only  in  thr  uiatence  of  Din¬ 
it  is  written,  has  prevented  this.  This  report  is  de-  aion  2,  but  also  to  any  other  organization  that  under* 
aigned  for  the  uao  of  individuals  concerned  with  plan*  takes  the  same  problem,  they  are  discussed  in  Part 
ning  or  directing  investigations  similar  to  those  de*  VII  of  this  volume,  “Liaison.* 
scribed  here,  for  whom  a  knowledge  of  the  methods  of  The  research  carried  out  by  Division  2  is  treated 
attack,  the  difficulties  that  may  be  encountered,  and  .  under  five  categories.  Parts  II  to  VI  of  this  volume, 
the  results  that  have  been  accomplished  will  be  useful.  Part  II  is  concerned  with  explosions  ui  air,  water,  and 
Furthermore,  an  extensive,  although  not  necessarily  underground.  Muzile  blast  control  is  included  with 
exhaustive,  bibliography  is  included.  For  those  dcsir-  these.  Tart  III  covers  terminal  ballistics  of  steel  armor, 
ing  only  an  overall  view  of  the  work  of  this  Division,  concrete,  plastic  protection,  and  earth,  and  the  develop- 
and  as  an  introduction  for  those  planning  to  read  the  ment  of  a  frangible  bullet  for  training  of  aerial  gun- 
entire  volume,  a  “Summary”  has  been  prepared,  com*  ners.  Part  IV  is  concerned  with  rather  fundamental 
prising  P^rt  I,  immediately  following  the  Table  of  investigations  on  the  properties  of  matter,  in  par* 
Contents.  ticular,  tho  propagation  of  plssticity  in  solids,  the 

The  content  of  this  volume  comes  partly  from  the  behavior  of  steel  under  very  large  pressures,  and  the 
fact  that  Division  2,  throughout  World  Wsr  II,  fit a  deeign  of  a  supersonic  wind  tunnel.  However,  all  re* 
been  mostly  concerned  with  information,  and  not  with  search  on  supersonic  problems  done  in  the  Division  is 
the  development  or  improvement  of  devices.  This  in*  discussed  in  Chapter  2  on  explosions  in  air.  Studies  of 
formation  has  dealt  with  the  performance  oi  weapons  protective  measures  are  treated  in  the  next  part.  Pert 
end  with  defense  against  weapons.  Some  of  it  has  been  V,  except  for  thoso  items  that  have  been  covered  clue- 
obtained  by  tho  Division  through  experimentation,  where  in  tho  volume  Part  VI  is  conccmel  with  sppiica- 
aome  from  tests  by  other  organizations  in  NDRC,  the  tion  of  information  on  weapon  behavior  and  effcetive- 
Servicca,  and  among  o  .7  Al'lea,  and  much  information  ness  to  tho  problem*  of  selecting  weapons  for  specifio 
«,™«,  from  the  field.  Very  early  in  the  existence  of  targets,  and  with  estimating  the  resulting  damage. 
Division  2  it  was  recognized  that  the  value  of  any  Before  concluding  this  already  overlong  preface, 
information  obtained  was  a  direct  function  of  the  use  I  wish  to  oxpreas  my  appreciation  of  the  conscientious 
that  was  made  of  it,  and  that  the  potential  users  of  and  painstaking  efforts  of  my  collaborators, 
this  information  were  to  a  large  extent  organizations 
in  the  field.  Ae  a  result,  considerable  thought  waa 
given  to  ways  of  getting  information  on  weapon  per¬ 
formance  to  such  users  in  forme  where  it  could  and 
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Chapter  1 
UNDERWATER 

EXPLOSIONS  AND  EXPLOSIVES 

rpau  chi  ptes  treats  the  physics  and  chemistry  of 
X  underwater  explosions.  In  Section  1.2  there  is  a 
survey  of  the  multa  of  instigations  made  on  under* 
water  explosions  including  the  properties  of  the  shock 
wave,  the  bubble  oscillations,  the  surface  phenomena, 
and  comparison  of  explosives. 

The  discussion  of  shock  waves  includes  a  treatment 
of  the  way  in  which  they  are  produced,  their  shape, 
variation  with  weight  and  distance  from  charge,  de- 
pendcnce  on  type  of  explosive,  reflection  from  free, 
rigid,  and  deformable  surfaces,  and  some  numerical 
magnitudes  which  have  been  obtained. 

The  treatment  of  the  oscillation  of  the  gas  bubble 
covers  the  reasons  for  this  oscillation,  the  dependence 
of  tho  period  of  the  oscillation  on  several  variables, 
the  migration  of  the  gas  bubble  under  gravity  and 
under  the  influence  of  free  and  rigid  surfaces,  the 
pressure  pulses  radiated  during  the  minima  in  tail 
oscillation  and  their  properties. 

Surface  phenomena  aro  described  from  the  view¬ 
point  »f  the  theory  of  the  domes  and  plumes  above 
naderwater  explosions  and  the  usefulness  of  these 
phtnenena  for  viirious  types  of  measurements.  Under¬ 
water  cratering  is  discussed  briefly,  as  ia  the  produc- 
tic.  o'  surface  waves  by  underwater  explosions.  The 
results  of  the  very  extensive  comparisons  of  different 
explosives  for  underwater  effectiveness  sis  summa¬ 
rized  together  with  some  remarks  on  the  methods  of 
statistical  analyses  used  in  connection  with  such  com¬ 
parisons.  Tho  theories  which  wero  developed  to  cal¬ 
culate  shock-wave  properties,  surface  phenotnena, 
surface  waves,  etc.,  are  briefly  reviewed. 

Thero  is  a  section  on  damage  produced  by  under¬ 
water  explosions  including  some  general  considera¬ 
tions,  the  effect  of  target  inertia,  the  effect  of  cavita¬ 
tion,  diffraction  effects,  and  the  relation  of  shock-wave 
parameters  to  damage.  Some  theoretical  and  experi¬ 
mental  investigations  of  several  simple  systems  such 
as  a  steel  diaphragm  over  an  air  cavity,  the  ball 
crusher  gauge,  and  the  simple  crusher  cylinder  are 
discussed.  The  use  of  scaled  models  and  the  difficul¬ 
ties  involved  in  their  uee  are  described. 

The  section  on  experimental  methods  for  studying 


underwater  explosion  phenomena  contains  a  descrip¬ 
tion  of  ■  variety  of  underwater  pressure  gauges  and 
their  utilization.  Including  both  the  electrical  and 
mechanical  types.  Photographic  procedures  are  de¬ 
scribed  which  were  very  fruitful  in  the  study  of 
underwater  explosions.  Experimental  procedures  are 
given  for  studying  the  generation  of  surface  waves 
and  for  the  location  of  underwater  explosions  (such  aa 
are  useful  in  testing  fuzes). 

The  Anal  section  contains  a  description  of  the  re¬ 
search  facilities  at  the  Underwater  Explosives  Re¬ 
search  Laboratory  [UERL]  of  Division  2,  NDRC, 
which  ws«  located  at  Woods  Hole,  Massachusetts. 

Chapter  1  contains  numerous  references,  tho  titles 
of  which  are  contained  in  the  bibliography. 

Chapter  2 

EXPLOSIVES  AND  EXPLOSIONS  IN  AIR 

This  chapter  dealt  with  the  behavior  of  shock  waves 
in  air  ^in  particular,  the  air  blast  from  high  explosives 
ia  described,  and  the  ways  in  which  the  air  blast  per¬ 
forms  militarily  useful  functions  are  examined. 

During  World  War  II,  the  techniques  of  measuring 
the  highly  transient  phenomena  associated  with  ex¬ 
plosions,  theories  concerned  with  them,  and  applica¬ 
tions  of  the  information  obtained  were  developed 
from  very  meager  beginnings.  The  important  role  of 
blast  in  the  functioning  of  bombs  was  truly  appre-/  f 
dated  only  aa  the  w&r  progressed,  and  the  develop-  J 
ment  and  use  of  very  large  blockbuster  bomba  was 
one  consequence  of  this  realization. 

Experimental  methods  for  measuring  and  investi¬ 
gating  the  properties  of  blast  waves  in  air  are  de¬ 
scribed  in  this  report.  Electrical  gauges,  mechanical 
gauges,  methods  depending  upon  measurement  of 
shock-wave  velocity,  and  photographic  mothoda  are 
discussed,  and  the  advantages  and  disadvantages  of 
each  method  are  pointed  out. 

The  criteria  for  esso.-sing  the  relative  merits  of 
weapons  whose  functioning  dopes du  upon  air  blast 
are  based  in  part  upon  some  observations  of  the  blast 
damage  accomplished  by  German  bombs  dropped  on 
Great  Britain,  and  British  bombs  on  Germany,  and 
in  part  upon  scmitheoretical  studies  of  the  response 
of  structural  elements  to  blast.  For  bombs  that  are 
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not  too  large,  the  near- mis*  effectiveness  U  approxi¬ 
mately  measured  by  the  positive  impulse  in  the  blast 
For  very  large  bombs,  and  certainly  for  the  atomio 
bomb,  the  peak  pressure  in  the  blest  is  considered  the 
important  factor. 

In  an  effort  to  improve  the  blast  performance  of 
high-explosive  bombs,  several  high  explosives  were 
studied  to  determine  their  merits  for  this  purpose. 
Results  are  usually  expressed  as  the  relative  peak  pres¬ 
sures  and  relative  positive  impulses  from  equal  vol* 
umca  of  the  explosives  bring  compared.  Compilations 
of  such  data  from  several  sources  were  made,  and  the 
results  are  expressed  as  average  relative  peak  pres¬ 
sures  and  relative  positive  impulses.  These  data  dem¬ 
onstrate  a  marked  superiority  of  aluminized  explo¬ 
sives  over  nonaluroinixed  explosives.  Estimates  of  the 
relative  areas  of  blast  damage  to  be  expected  of  several 
of  these  explosives  were  made,  and  are  shown  graph¬ 
ically  in  Figure  4.  It  is  shown,  for  example,  that  a 
bomb  filled  with  tritonal  is  estimated  to  produce  about 
33  per  cent  more  blast  daxuago  than  would  a  similar 
bomb  filled  with  TNT. 

The  metal  case  of  a  bomb  reduces  the  blast  from 
its  explosive  contents.  It  is  shown  thst  the  relatively 
thick  case  of  a  general-purpose  [GP]  bomb  reduces 
the  damaging  power  per  ton  of  bombs  by'  about  60 
per  cent,  compared  with  that  obtainable  from  a  light- 
case  [LC]  bomb.  It  ia  pointed  out  that  the  thinnest 
case  consistent  with  safe  handling  and  storage  should 
be  used  for  bombs  intended  to  be  detonated  instanta¬ 
neously  on  impact  or  burst  in  air  by  means  of  a  prox¬ 
imity  fuze. 

The  principle  of  similitude  which  permits  the  cal¬ 
culation  of  blast  pressures,  impulses,  etc.,  from  bombs 
of  various  sizes,  from  measurements  with  one  size  or 
weight,  is  stated,  and  its  limitations  discussed.  The 
dependence  of  peak  pressure  and  positive  impulse  on 
distance  from  tho  explosion  are  expressed  graphically 
for  bombs  burst  high  above  tho  ground,  e»  well  as  for 
those  on  tho  ground.  Tha  advancement  of  theoretical 
work  is  described,  and  the  extent  to  which  it  ha*  been 
tested  and  checked  by  experimental  results  is  outlined. 

By  experimental  and  theoretical  investigation  of  the 
properties  of  the  blast  from  bombs  burst  at  varioui 
heights  above  the  ground  as  well  os  on  impact,  it  is 
shown  that  there  exists  some  optimum  height  of  burrt 
such  that  tho  area  of  lamage  of  a  dccired  category 
can  bo  maximized,  and  that,  on  the  average,  the  area 
of  demolition  us  well  03  of  less  severe  dimago  can  be 
approximately  doubled  by  use  of  air-burst,  rather  than 


ground-burst,  fuzes.  The  experiment*  show,  moreover; 
that  the  optimum  height  is  not  critical,  and  that 
both  demolition  and  leea  severe  damage  can  be  nearly 
maximized  by  a  single  optimum  height  of  burst  for 
a  given  size  of  bomb.  Estimates  are  mads  for  the  air 
bant  of  an  atomic  bomb  for  which  the  peak  p restore 
ia  the  criterion  of  damage,  and  it  is  estimated  that,  i£ 
the  bomb  were  buret  at  the  optimum  height,  the  dam¬ 
age  would  be  about  90  per  cent  greater  than  if  it 
were  burst  on  the  ground! 

The  relative  effectiveness  of  explosives  in  enclosed 
spaces  is  quite  different  from  that  of  explosives  deton¬ 
ated  in  the  open.  It  is  shown  that  this  difference  ia 
due  to  the  relatively  slow  combuetion  of  the  producta 
of  the  explosion,  and  that  the  order  of  merit  of  ex¬ 
plosives  in  enclosed  space*  is  the  same  as  the  order  of 
their  heats  of  combuetion.  The  significance  of  these 
results  ia  that  small  GP  bomba  whose  nesr-mias  effec¬ 
tiveness  ia  almost  nil  should  be  filled  with  one  of  the 
explosives  found  to  be  best  in  enclosed  spaces.  The 
poorest  explosive  tested  under  thcee  conditions  is 
Composition  B,  and  tho  best,  tritonal. 

The  history  and  present  status  of  the  development 
of  slow-burning  explosives  [SBX]  is  described.  Ex¬ 
perimental  results  show  that  certain  SBX  materials, 
such  as  oco  consisting  of  aluminum  powder  and  gas¬ 
oline,  dispersed  and  ignited  by  a  high-explosive  burst¬ 
ing  charge,  have  promise  of  improved  performance 
over  high  explosives  an  fillings  of  email  (600-  to  1,000- 
lb)  bomba,  whoso  main  blast  effect  i»  obtained  through 
direct  hit  and  penetration  of  the  target 

The  application  of  explosives  to  tho  clearance  of 
land  mines  by  bleat  is  describ’d.  Demolition  devices 
in  the  form  of  ‘line”  charges  were  developed  by  the 
Engineer  Board  for  this  purpose.  The  measurement 
of  blast  pressures  and  impulses  from  somo  of  these 
devices  is  described,  and  the  results  are  shown  graph¬ 
ically.  A  theory  of  tho  response*  of  the  fuze*  of  land 
mines  to  the  blest  from  explosive  charge#  lie#  boon 
dovised;  by  means  of  this  theory,  together  with  bleat 
measurements,  the  distances  at  which  mines  should 
be  cleared  by  various  demolition  chargca  have  been 
calculated.  Comparison  of  ther.o  predictions  with  ex¬ 
perimental  observations  of  minefield  clearance  show 
good  agreement  for  "point”  charges,  such  as  bomba, 
and  poor  agreement  for  line  charges.  More  bloat 
measurements  and  theoretical  work  arc  required  in 
order  to  clear  up  these  discrepancies. 

Blast  measurements  which  were  made  at  various 
altitudes  up  to  about  14,000  ft  above  sea  lovel  show 


CONFIDENTIAL 


SUMMARY  S 


that  the  order  of  merit  among  the  explosive#  tested 
is  unchanged,  but  that  the  magnitudes  of  the  pressure# 
and  impulses  measured  are  less  at  high  altitudes  than 
at  sea  levcL  Good  agreement  with  theoretical  predic¬ 
tions  is  obtained. 

The  application  of  blast  measurement#  to  model- 
I  scale  experiments  with  igloo-type  storage  magazines 
:  k  described.  The  purpose  of  these  tests  was  to  assist 

it  determining  the  minimum  spacing  between  mags- 
tines,  consistent  with  insuring  that  s  disastrous  chain 
I  of  sympathetic  detonations  would  not  occur.  Other 
measurements  on  the  blast  from  rocket  jets  and  from 
charges  of  various  shapes  are  also  briefly  described. 

Chapter  3 

EXPLOSIONS  IN  EARTH 

Before  the  beginning  of  World  War  II,  the  ques¬ 
tion  of  the  effects  of  underground  explosions  on 
nearby  structures  was  not  particularly  important,  be- 
i  cause  the  quantities  of  explosive  involved  were  com- 
1  paratively  small.  The  use  of  large  and  powerful  bomba 
and  the  development  of  long-range  bombers  to  deliver 
them  anywhere  in  tho  enemy's  territory  gavo  thia 
j  problem  immediate  importance  at  the  beginning  of 
World  War  II.  The  existence  of  the  atomic  b.  mb  and 
’  of  various  guided  missiles  for  convoying  it  as  well  as 
conventional  explosives  to  diotant  targets  makes  burial 
in  the  earth  one  of  the  most  effective  defenses  for  s 
future  wav.  This  means,  in  turn,  that  the  effects  of 
explosion*  in  earth  will  be  of  even  greater  importance 
to  both  dGfenoe  end  attack  than  in  the  past 

Because  of  the  lack  of  reliable  information  on  tho 
j  naturo  and  magnitudes  of  the  phenomena  that  aceom- 
(  pany  an  unde'  ground  explosion,  a  very  extensive  scries 
j  of  testa  was  carried  out  cooperatively  by  the  Corps  of. 
|  Engineers,  the  Committee  on  Passive  Protection 

I  against  Bombing,  and  Division  2,  NDRC.  These  teats 
were  made  both  in  free  earth  and  adjacent  to  buried 
rcinfoi  1  concrete  structures  comparable  to  fortifica¬ 
tion  construction,  in  a  wide  range  of  soil  types  from 
loots  to  saturated  clay,  and  at  scaloa  up  to  l,C00-lb 
chorgcs  detonated  adjacent  to  structures  with  5-  and 
10-ft  walla.  In  freo  earth,  transient  measurements  of 
prepares,  t crelc rati ona,  velocities,  end  ear t'n  movements 
wore  taken.  Cretor  suc3  end  permanent  dioplaccment# 
wero  determined  after  each  test.  With  structures  pros- 
'  ent,  the  same  quantities  were  measured  both  ou  the 
structure*  and  at  distances  from  them.  Structural 
damage  was  recorded  and  correlated  with  amount  of 


explosive  sod  it*  point  of  detonation  with  respect  to 
the  target 

These  data  have  been  analysed  and  the  result#  ex¬ 
pressed  by  mean*  of  semlcmpirical  equations  end 
graphs.  \  these  it  is  possible  to  predict,  with  an 
uncertainty  of  the  order  of  20  per  cent,  the  pressures, 
impulses,  accelerations,  velocities,  displacement*,  and 
crater  aiz6a  that  will  result  from  detonation  of  a  given 
amount  of  explosive  at*  certain  depth. In  addition, the 
damage  to  structures  comparable  to  those  tested  can 
be  predicted  with  about  the  same  order  of  accuracy. 

Chapter  4 

MUZZLE  BLAST  i  ITS  CHARACTERISTICS, 
EFFECTS,  AND  CONTROL 

Muxzle  blast  may  bo  considered  either  aa  a  rela¬ 
tively  mild  explosion  following  shot  ejection  or 
as  an  extremely  high-pressure  jet  o i  short  duration 
preceded  by  a  traveling  shock.  The  strength  of  this 
shock  may  be  high,  and  depends  on  the  muxzle  pres¬ 
sure  of  the  powder  gas  at  tho  time  of  shot  ejection. 
Within  this  spherical  shock  the  gun  empties  in  a  jet 
characterised  by  a  large  bottle-shaped  central  region 
bounded  by  stationary  shocks  in  which  the  go*  attains 
very  high  speeds,  and  by  an  external  turbulent  shell 
in  which  the  powder  gaec*  mix  wit  t  the  outside  air. 
In  thia  mixing  region  an  explosive  jurning  of  certain 
components  of  the  powder  gas  may  occur,  giving  rise 
to  the  characteristic  flash  of  medium  and  large  caliber 
guns.  The  main  emptying  action  occurs  within  a  time 
comparablo  to  the  travel  time  of  the  projectile,  al¬ 
though  tho  low-pressure  stages  of  the  flow  continue 
much  longor.  The  main  blast  is  followed  by  a  wave 
of  rarefaction  which  produces  some  flow  of  air  to¬ 
ward  the  muzzle. 

With  increasing  powder  pressures  tho  severity  of 
muzzle-blast  effects  becomes  a  limiting  factor  in  the 
tactical  use  of  guns  of  high  muzzlo  velocity.  Tho  blast 
pressures  often  cause  severe  damage  to  structures  near 
the  muzzle  and  injuries  cud  discomfort  to  personneL 
Among  tho  problems  presented  by  muzulo  blnst  is  the 
raising  of  dust  by  guns  firing  at  low  elevations.  In 
direct  firo  obscuration  of  the  target  is  a  serious  hnndi. 
cap,  rince  a  gun  is  useless  while  it  is  emclopcd  in  a 
cloud  of  dust.  Uninss  powder  pressures  are  to  be  lim¬ 
ited  or  bigh-preasure  guns  are  to  be  replaced  by  weap¬ 
ons  less  damaging  to  the  vicinity  of  the  emplacement, 
i'.  is  necessary  to  dovclop  devices  that  will  lessen  th# 
effects  of  blast. 
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The  most  successful  of  the  muxxle  attachments  a u 
hr  developed  is  the  munle  brake.  Brakes  have  been 
developed  which  absorb  over  90  per  cent  of  the  recoil 
energy  of  guru,  and  there  are  indications  that  very 
high-pressure  guns  can  be  rendered  practically  re- 
coill  css  by  means  of  such  attachments.  Tho  reduction 
«i  recoil  energy  permits  she  use  el  light  mounts  with 
high-pressure  guns.  However,  all  brakes  direct  the 
blest  iatnaity  toward  the  rear  of  the  gun,  the  back 
pressures  produced  rising  with  the  efficiency  of  the 
unit;  for  this  reason  only  brakes  of  moderate  efficien¬ 
cies  have  been  utilised. 

Siuoe  in  most  emplacements  the  elevation  and 
traverse  of  a  gun  an  limited,  it  is  generally  possible 
to  Resign  a  •morale  attachment  which  deflects  or  de¬ 
forms  the  blast  in  such  a  way  as  to  ensure  a  substan¬ 
tial  amount  of  protection  to  neighboring  structures. 
Also,  such  devices  are  usually  brakes,  but  they  can  be 
designed  so  that  the  braking  action  is  negligible.  It 
is  possible  to  deflect  the  blast  unsymmetrically  with¬ 
out  effecting  the  flight  or  yaw  of  the  projectile,  but 
provision  must  be  made  to  take  up  the  eccentric  thrust 
on  the  gun  produced  by  such  deflection. 

The  slight  upward  deflection  of  the  blast  permitted 
by  the  strength  of  existing  elevating  mechanisms  has 
been  found  moderately  successful  in  solving  the  prob¬ 
lem  of  target  obscuration  produced  by  dust.  With  ele¬ 
vating  mechanisms  constructed  to  take  the  unsym- 
metrical  thrust,  it  is  conceivable  that  the  dust  problem 
can  be'  Satisfactorily  solved. 

Brakes  bf  low  and  medium  efficiencies  can  be  con¬ 
structed'  ‘irhfch  suppress  flash  or,  at  least,  do  not  ac¬ 
centuate  it.  It  may  be  possible  to  go  to  high  efficien¬ 
cies  without  enhancing  flash. 

These  partial  solutions  of  the  blast  problem  will  be 
Ices  successful  as  pressures  increase.  The  conduction 
.of  the  gases  to  the  rear  of  the  gun  would  -permit  effec-  * 
tive  muffing  of  the  blast,  provided  a  sufficiently  Urge 
fraction  of  the  ga3  can  be  deflected  through  180  de¬ 
grees.  A  deflector  capable  of  doing  this  is  still  in  the 
preliminary  stages  of  development,  but  experiments 
so  far  indicate  the  feasibility  of  deflecting  a  jbstan- 
tial  fraction  of  the  blast  and  conducting  it  to  where 
it  can  be  ejected  at  relatively  low  pressure  toward 
the  rear  of  the  gun  or  up  over  the  carriage.  Such  a 
disposal  system  would  permit  the  utilisation  of  the 
maximum  braking  action,  and  the  saving  in  weight 
of  recoil  mechanism  and  mount  that  thia  would  make 
possible  would  compensate  for  the  weight  of  the  added 
superstructure. 


i'o  *  Chapters  I 

FUNDAMENTALS  OF  TERMINAL  BALLISTICS  ] 

Termini!  ballistics,  as  distinguished  from  interior 
and  exterior  ballistics,  deals  with  the  interaction 
of  the  missile  (bomb,  projectile,  etc.)  and  the 
target  Whue  attention  is  usually  focused  on  the  effect 
of  the  aueaile  on  the  target,  resulting  in  penetration 
or  perforation,  the  effect  of  the  target  on  the  mierile 
causing  deformation,  rupture,  shatter,  fnxe  failure, 
etc.,  is  often  of  great  importance  In  determining 
the  result  of  the  missile- target  interaction. 

Chapters  6,  7,  8,  and  9  of  thia  volume  describe  the 
terminal  ballistics  of  steel,  concrete,  plaatic  protec¬ 
tion,  and  soil  from  the  point  of  view  of  the  work  done 
on  theae  subjects  by  Division  8  during  World  War  IL 
Projectile  deformation  and  (hatter  are  especially 
significant  in  the  study  of  steel  and  pic«tic  protection 
targets.  The  development  of  a  frangible  projectile  for 
aerial  gunnery  training,  described  in  Chapter  10,  de¬ 
pends  on  the  complete  shattering  of  the  projectile  at 
the  target 

A  distinction  is  made  between  perforation  and  pene¬ 
tration  according  to  whether  the  missile  does  or  does 
not  psss  completely  through  the  target  This  distinc¬ 
tion  applies,  particularly  in  the  case  of  nondeforming 
missiles.  The  depth  of  penetration  or  the  residual 
velocity  after  perforation  depends  not  only  on  the  ma¬ 
terial  and  thickness  of  the  target,  and  on  the  mass,  cal¬ 
iber,  and  shape  of  the  projectile,  but  also  on  the  im¬ 
pact  conditions:  striking  velocity,  yaw,  and  obliquity. 

Chapter  6 

’  TERMINAL  BALLISTICS  OF  ARMOR 

To  -serve  as  a  basis  for  the  development  of  better 
armor-piercing  projectiles,  studies  have  been  carried 
out  to  determine  how  the  energy  required  for  per¬ 
foration  of  a  steel  plate  depends  on  mass,  size,  shape, 
and  mechanical  strength  of  the  projectile  components 
as  well  as  the  hardness,  thickness,  and  obliquity  of 
the  target.  Changes  in  these  parameters  were  con¬ 
sidered  both  as  they  alter  the  energy  required  for 
perforation  directly  when  the  projectile  stays  intact 
during  the.  impact  and  indirectly  as  they  control  the 
extent  of  projectile  deformation- •;Pcfornw.tiona  play 
a  particularly  important  role  when- the  striking  veloc¬ 
ity  is  abovo  3,000  fpa,  that  is,  at  hyperv?locitiee.  Al¬ 
though  the  practicality  of  projectile  velocities  in  this 
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range  has  been  well  demonstrated,  the  difficnltiea  In 
designing  a  nondeforming  projectile  itiQ  remain  cno 
of  the  principal  obstacles  to  foil  attainment  of  the 
potential  benefits  of  hypervelodty  weapons. 

Aside  from  a  description  of  new  techniques  that 
have  been  developed  for  terminal  ballistic  studies 
(Section  O)*  the  principal  points  discussed  in  Chap* 
ter  9  which  inclndee  reference  not  only  to  work  done 
by  Division  8,  NDRC,  but  to  investigations  of  other 
organisations  as  well,  are  the  following  ; 

Nondetouuno  Projectile — Ehehot  Required 
roa  Perforation  (Section  6.5) 

1.  For  nondeforming  projectile  of  a  given  shape, 
for  a  particular  type  of  armov  and  for  a  specified 
angle  of  incidence,  the  “specific  limit  energy,”  IF  V*/d*, 
depends  to  a  good  first  approximation  only  on  tho 
plate  thickness  expressed  in  calibers.  Thus 


where  IF  —  projectile  weight  (lb), 

Fi«*>  minimum  velocity  to  perforate  plate 
(fp»). 

d  —  diameter  or  caliber  of  projectile  (ft), 

< «—  plate  thickness  (ft), 

9  —  angle  of  incidence, 

<7 «« constant  for  plates  of  a  particular 
hardness, 

*"  8®ner^  function  of  jond  9. 

The  advantage  of  this  form  is  that  it  reduces  the 
performance  of  projectiles  of  all  sizes  to  a  common 
basis. 

2.  The  form  of  f(t/d,9)  depends  on  the  mechanism 
of  plate  failure.  Different  mechanisms  are  discussed, 
but  it  is  pointed  out  that  there  is  no  physical  theory 
capable  of  predicting  the  exact  form  for  plates  of  all 
thickneeaea  A  review  ia  given  of  the  empirical  expres¬ 
sions  for  f(i/d,6)  now  in  common  use. 

8.  In  addition  to  plate  thickness,  the  specific  limit 
energy  depends  on  plate  hardness,  thero  being  on 
optimum  value  which  results  in  maximum  resistance 
to  perforation.  A  perforation  formula  is  given  which 
includes  hardness. 

4.  There  is  a  slight  “scale  effect”  in  the  sense  that 
the  specific  limit  energy  for  plates  of  a  given  caliber 
thickness  decreases  with  increase  in  the  size  of  the 
projectile.  Although  this  contradicts  the  above  equa¬ 


tion,  the  discrepancy  ia  not  great  tinea  tha  affect  it 
small.  _L,._ 

5.  Except  for  thin  plate  and  large  iagies  of  attack, 
a  perfectly  nondeforming  projectile  requires  less  en¬ 
ergy  for  perforation  than  one  that  deforms. 

Projectile  Defobvations — Shatter 
(Sections  6.6.1  and  6.6J) 

2.  A.  projectile  deforms  progressively  with,  increase 
in  striking  velocity.  At  the  shatter  velocity,  which  it 
somewhat  above  the  velocity  where  the  initial  failure 
takes  place,  projectile  deformation  usually  leads  to  an 
abrupt  increase  in  the  energy  required  for  perforation. 
The  dependence  of  the  shatter  velocity  on  the  proper¬ 
ties  of  the  projectile,  the  plate,  and  on  the  angle  of 
attack  are  discussed. 

2.  The  effect  of  shatter  in  increasing  the  energy 
required  for  perforation  ia  greatest  at  normal  inci¬ 
dence  (increase  by  as  much  as  100  per  cent)  but  drops 
off  with  the  angle  of  attack  until  at  very  large  angles 
a  shattered  projectile  may  perforate  with  less  energy 
than  one  that  remains  intact.  The  increase  is  signifi¬ 
cant,  however,  for  angles  at  least  as  great  as  45  degrees. 

3.  It  is  pointed  out  that,  because  of  the  occurrence 
of  shatter,  projectiles  are  sometimes  able  to  perforate 
a  target  when  fired  over  long  distances  but  fail  at 
point-blank  range.  As  a  result,  the  effect  of  firing  a 
projectile  at  a  velocity  above  its  shatter  volocity  ia 
usually  to  increase  its  tnecirreneue  ft  tong  vroga  at 
the  sacrifice  of  good  performance  near  the  muzzle; 
there  is  no  overall  gain. 

Projectile  Parameters  (Section  6.6.3) 

1.  Correct  daetgn  of  an  armor-piercing  projectile 
depends  on  a  choice  of  the  best  values  for  its  nose 
shape,  length,  density,  strength  of  materia),  and,  in 
the  case  of  a  subprojoctile,  its  size.  Section  6.6.3  con¬ 
siders  how  changes  in  each  of  these  parameters  affect 
(a)  the  striking  energy,  (b)  the  energy  required  tot 
perforation  when  the  projectile  etays  intact,  and  (o) 
the  conditions  under  which  deformation  takes  place. 

2.  Because  of  the  greater  denaity  of  tungsten  car- 
bide,  projectiles  made  from  this  matorial  have  both 
a  greater  striking  energy  and  a  higher  shatter  energy 
than  similar  steel  projectiles.  If  perforating  ability 
is  the  criterion  of  goodness,  tungsten  wbido  is  un¬ 
doubtedly  a  better  projectile  material  than  steel. 

3.  Regardless  of  the  adjustment  of  parameters,  » 
monubloc  projectile  made  from  present-day  materials 
will  not  remain  undefonned  under  all  conditions  pf 
impact  likely  to  be  encountered  in  combat  This,  is 
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true  for  the  attack  ot  homogeneous  u  veil  u  iaow 
hardened  plat*. 

Pkmsnoir  or  Shatth  rr  Us*  or  Can 
(SECTION  6.7) 

Although  the  addition  ot  a  cap  la  very  effective  in 
preventing  deformation  ot  both  steel  and  tungsten 
carbide  projectiles,  it  it  a  detriment  to  perforating 
ability  when  it  ia  not  noeded  to  avoid  shatter  or  vhen 
shatter  doea  not  increase  the  energy  required  for  per¬ 
foration.  Whether  or  not  the  cap  is  of  benefit  depends 
on  the  striking  conditions.  A  general  discussion  ot  the 
comparative  performance  of  monobloc  end  capped 
projectiles  ia  contained  in  Section  6.7.  Some  protec¬ 
tion  for  the  nose  of  the  projectile  is  slwayt  necessary 
if  the  striking  velocity  is  extremely  high. 

Htpbrvklocity  PaojKcTtLKa  (Section  6.4, 6.6, 6.8) 
1.  Some  of  the  advantages  and  disadvantages  of 
different  types  of  hypervelocity  tungsten  carbide 
cored  projectiles  are  mentioned  in  Section  6.8.  AU 
have  about  the  same  terminal  ballistic  performance 
but  differ  in  other  rAspects. 

8.  On  considering  the  interior  and  exterior  beUistio 
behavior  of  subcaiiber  projectiles,  it  is  seen  thst  the 
striking  energy  decreases  with  decrease  in  diameter; 
leas  energy  is  required  to  make  a  holo  of  small  diam¬ 
eter.  However,  since  the  striking  and  limit  enorgiei 
do  not  decrease  at  the  same  rate,  there  is  usually  an 
optimum  diameter  for  the  subprojectiie. 

3.  Examples  are  given  showing  that  tungaten  car. 
bide  cored  projectiles  can  porforate  significantly 
thicker  armor  than  conventional  full-caliber  steel 
projectiles  fired  from  the  same  gun. 

Futubs  Studies  (Section  6.9) 

1.  Aa  the  power  of  guns  ie  increased,  better  mcana 
must  be  found  for  keeping  the  projectile  intact.  Par¬ 
ticularly  for  ohliquo  attack,  the  problem  of  finding 
the  forces  involved-in  tho  plate-projectile  interaction 
has  hardly  been  touched.  Once  these  forces  are  known, 
it  should  be  possible  to  deduce  the  dynamic  itreaaea 
produced  in  the  projectile  during  impact  and  to  design 
rationally  against  the  resulting  deformations. 

8.  More  satisfactory  methods  should  be  dovieod  for 
preventing  decapplng  and  breaking  of  projectiles  by 
thin  skirting  plates. 

3.  Special  attention  should  bo  given  to  high-angle 
attack.  At  the  end  of  World  War  II,  it  was  impossible 
with  the  best  antitank  guns  and  projectiles  available 
to  defeat  tho  sloping  plates  on  the  front  ot  German 
tanka  except  at  very  close  range. 


Chapter  ? 

TERMINAL  BALLISTICS  OF  CONCRETE 

A  large  amount  of  experimental  work  was  dona 
on  the  termiual  ballistics  of  concrete  during  the 
war  at  scales  from  caliber  .SO  to  18  in.  and  with  rein* 
forced  concrete  targets  from  8  in.  to  88  ft  thick.  Pane* 
tration  wee  studied  as  a  f  motion  of  striking  velocity 
and  obliquity,  and  the  limit  velocities  for  scabbing  and 
perforation  for  Yarions  thicknesses  and  calibers  de¬ 
termined.  For  a  given  projectile  and  target,  penetra¬ 
tion  increases  leas  rapidly  with  striking  velocity  than 
does  the  striking  kinetic  energy. 

A  scale  effect  was  found  for  penetration  in  the  tones 
that  the  penetration  into  a  given  target,  in  calibers, 
of  similar  projectiles  at  the  same  striking  velocity 
increases  with  approximately  the  one-fifth  power  of 
the  caliber. 

Extensive  tests  were  msde,  at  caliber  .uO  scale  and 
smaller,  of  the  effect  of  concrete  properties  on  pene¬ 
tration  resistance.  Some  tests  were  also  made  of  the 
effect  of  nose  shape  and'  the  effect  of  projectile  mass 
on  penetration,  perforation,  and  scabbing.  Empirical 
formulas  have  been  devised  for  representing  these 
results. 

In  addition,  experimental  data  were  obtained  on  a 
number  ot  other  phenomena,  including  ricochet,  stick¬ 
ing  penetration,  front  and  back  craters,  the  effect  of 
reinforcing,  scab  plates  an-’  meshes,  layers  and  lami¬ 
nations,  composite  and  spaced  slabs,  edge  effects,  tha 
effect  of  explosions,  and  the  effect  of  repeated  fire. 

A  theory  of  concrete  penetration  was  devised  which 
agrees  satisfactorily  with  the  empirical  penetration 
formula  mentioned  above  and  which  gives  t)io  force 
resisting  the  missile  during  penetration  as  a  function 
of  depth  and  remaining  velocity.  Estimates  of  this 
resisting  force  are  of  importance  in  connection  with 
the  problem  of  projectile  and  bomb  deformation 
against  concrete  targets.  The  theory,  furthermore, 
furnishes  a  basis  for  computing  the  timo  of  penetra¬ 
tion  for  fusing  problems,  and  for  computing  tho  re¬ 
maining  velocity  at  any  depth  which  is  needed  in  tha 
analysis  of  composite  targets. 

Preliminary  development  work  has  been  dono  on 
an  electromagnetic  method  for  measuring  projectile 
velocity  as  a  function  of  time  during  penetration  in 
a  nonmagnetic  and  nonconducting  target  material  like 
concrete. 

A  summary  is  given  of  analytical  theories  of  pene¬ 
tration  and  perforation.  This  summary  includes,  u 
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spc-'ial  cases,  all  the  theories  which  have  so  far  been 
proposed  for  describing  penetration  end  perforation. 

Chapter  8 

TERMINAL  BALLISTICS  OF  PLASTIC 
PROTECTION 

Plastic  protection  consists  o£  a  mixture  o t  stone 
end  s  mastic  binder  becked  by  a  thin  plate  of  mild 
steeL  It  requires  only  a  small  amount  of  strategic 
material  and  has  proved  valuable  as  protection  against 
small-arms  fin  end  fragments. 

The  protective  merits  of  plastic  protection  cannot 
be  measured  in  terms  of  s  simple  ballistic  limit,  as 
is  done  with  armor,  mild  steel,  sod  concrete.  At  low 
striking  velocities  e  small  fraction  of  the  incident 
micailee  perforate  the  materiel,  and  at  high  striking 
velocities  s  larger  fraction  of  the  striking  missiles 
perforate.  At  all  ordinary  velocities  there  is  s  definite 
probability  of  perforation,  and  this  probability  in¬ 
crease!  slowly  with  increase  in  striking  velocity.  This 
behavior  can  best  be  interpreted  by  statistical  means, 
and  each  interpretation  requires  a  largo  number  of 
tests  for  the  results  to  be  significant. 

The  best  present  specifications  of  plsstic  protection 
requiro  quartzite  or  flint  gravel  of  fairly  uniform  size, 
at  least  three  the  diameter  of  the  missile  to  be 
stopped.  TLia  .vel  is  mixed  with  saphalt  and  a  lime¬ 
stone  fiber,  'or.  the  mixture  is  poured  from  a  hot  mix- 
in/'  oven  *•  do  forma  Tho  best  proportions  for  the  mix 
r:e  sppis,  •  mately  60  per  cent  gravel,  10  per  cent  aa- 
V'|f(  s  *  30  per  cent  limestone  dust,  by  weight  A 
plate  of  mild  steel,  having  a  woiglit  per  square 
foot  of  10  to  30  per  cent  of  the  weight  of  the  com¬ 
pleted  panel,  is  securely  fastened  to  the  material.  A 
layer  of  expanded  metal  is  placed  inside  and  near  the 
front  to  aid  in  holding  the  material  in  placo  and  to 
provide  additional  structure!  strength.  A  panel  of  this 
type,  of  thickness  nine  to  ten  times  the  diameter  of 
the  incident  missile,  provides  &  fair  degree  of  protec¬ 
tion. 

Chapter  9 

TERMINAL  BALLISTICS  OF  SOIL 

Small-scale  experiment#  have  been  performed  to 
determine  the  effects  of  soil  properties  and  pro¬ 
jectile  characteristics,  especially  nose  shape  and  den¬ 
sity,  on  penetration  into  eoil  over  a  wide  range  of  strik¬ 
ing  velocities.  The  results  of  these  small-scale  tests 
have  been  correlated  with  the  obaorved  penetration 
of  bombs  and  large  projectiles  into  soil. 


It  is  found  that  penitntion  increase*  with  increase 
in  velocity  and  for  projectile*  and  bombs  of  normal 
shape  is  approximately  proportional  to  tho  echo  root 
of  the  weight  of  the  missile.  Penetration  depth  Is  also 
dependent  on  the  nose  shape  of  the  projectile,  blunt- 
nosed  projectiles  penetrating  farther  than  sharp-noted 
projectile*.  This  dependence  on  shape  is  very  pro¬ 
nounced  in  rich  clay  but  null  in  coarse  tend.  Except 
for  striking  velocity  and  nature  of  the  target  madinm^ 
stability  of  the  projectile  ts  perhaps  the  most  impor 
tent  single  factor  in  toil  penetration.  Blunt-nosed  pro¬ 
jectiles  ore  usually  stable  and  have  long  straight 
underground  trajectories.  Sharp-nosed  projectiles  usu¬ 
ally  turn  tideways  and  have  curved  underground 
trajectories. 

A  summary  of  the  known  relatione  for  penetration 
into  soil,  perforation  of  soil  parapets  by  small-caliber 
bullets,  and  perforation  of  composite  targets  of  con¬ 
crete  covered  with  earth  is  given  in  Weapon  Data 
Sheets  2A*,  2A2*,  end  SCI*,  Chapter  19. 

Chapter  10  * 

THE  FRANGIBLE  BULLET  FOR  USE  IN 
AERIAL  GUNNERY  TRAINING 

The  need  for  a  realistic  training  procedure  for  flex¬ 
ible  aerial  gunnery  was  recognized  in  the  1st* 
months  of  1943.  Tho  development  of  e  frangible  bul¬ 
let  which  can  be  fired  from  machine  guns  in  a  bomber 
at  an  attacking  lightly  armored  target  airplane  ful¬ 
filled  the  requirements  to  a  marked  degree.  This  proj¬ 
ect  was  concerned  with  the  development  of  the  fran¬ 
gible  bullet  (T44)  end  associated  equipment,  end  with 
some  problems  that  arose  in  connection  with  the  use 
of  the  procedure  in  t  gunnery  training  program. 

Experimental  work  with  approximately  one  hun¬ 
dred  types  of  bullets  varying  in  composition,  geome¬ 
try,  and  density  indicated  that  a  thermosetting  plastic 
with  danse  filler  offered  the  best  possibilities  for  a  bul¬ 
let  that  would  (1)  do  minimum  damage  to  the  armor, 
(2)  satisfactorily  withstand  field  use  and  the  loading 
process,  (3)  have  reasonable  flight  characteristics,  and 
(4)  be  amenable  to  relatively  simple  and  economical 
production  in  the  required  quantity.  For  a  particular 
thickness  of  armor,  it  appears  that,  to  a  fair  approxi¬ 
mation,  the  limit  impact  energy  of  such  bulleU  is  es¬ 
sentially  constant  regardless  of  mass  or  density. 

The  most  suitable  armor  for  tho  target  airplane  wee 
found  to  be  21  ST  Dural  in  places  where  visibility  was 
not  in  question,  and  multiplate  bullot-reaistant  glass 
for  locations  where  visibility  was  necessary.  Up  to 
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thicknesses  oi  approximately  0.350  in.,  24ST  Dural  ia 
superior  to  armor  steel,  weight  for  weight,  ia  defeat¬ 
ing  the  frangible  bullet. 

A  caliber  .30  aircraft  machine  gun  modified  by  ad¬ 
dition  of  a  piston  booster  was  found  to  function  quite 
satisfactorily  as  an  automatic  weapon  firing  the  fran¬ 
gible  bullet  of  weight  0.95  g  at  a  morale  velocity  tf 
1,360  fpe.  The  most  satisfactory  propellant  found  for 
the  round  with  low  loading  density  ia  DuPont  SR4759 
which  is  regarded  as  a  compromise  until  a  more  suit¬ 
able  propellant  can  be  obtained  o>  the  cartridge  case 
changed  to  something  other  than  the  caliber  .30  11-1 
case. 

A  hit-indicator  system  was  found  to  be  quite  effec¬ 
tive  in  signaling  to  the  gunner  in  the  bomber  wiien  the 
target  airplane  is  receiving  bits.  The  signaling  is  ef¬ 
fected  by  lights  on  the  target  airplane,  which  are  acti¬ 
vated  by  the  impacts  of  the  bullets  on  the  target-air¬ 
plane  armor. 

The  most  essential  feature  of  the  introduction  of 
the  frangible  bullet  into  a  training  program  ia  the  re¬ 
quirement  that,  to  a  fair  approximation,  the  gunner 
give  to  the  best  of  his  knowledge  the  same  leads  as  he 
would  give  in  combat  for  an  equivalent  situation.  It 
was  found  that  the  solution  to  the  problem  lay  in  an 
appropriate  scaling  of  airplane  and  bullet  velocities 
with  some  changes  in  the  gunner's  sighting  device. 
Calculations  of  the  combat,  leads,  using  the  velocities 
of  combat  airplanes  and  combat  ammunition,  and  of 
the  training  leads,  using  training  airplane  and  bullet 
velocities,  allowed  that  for  the  moat  important  cases 
the  lead  angles  are  essentially  constant  for  equivalent 
situations. 

Field  trials  of  the  frangible-bullet  technique  have 
shown  that  it  is  a  satisfactory  procedure  although  def¬ 
initely  not  free  from  significant  limitations.  It  was 
found  that  an  instructor's  sight  would  be  a  material 
aid  ia  the  training  program  and  such  a  device  was 
developed. 

Investigation  of  aome  of  tho  psychological  factors 
In  sighting  indicated  that  learning  was  comparatively 
rapid  on  a  semiayuthetic  training  device.  There  re- 
maine  a  real  question  as  to  whether  such  learning  can 
be  translated  into  a  higher  proficiency  under  condi¬ 
tions  of  air-to-air  firing. 

Some  experimental  work  by  the  Ballistics  Research 
Laboratory  [BEL]  of  Princeton  Univoroity  Station 
of  Division  2  on  shapes  of  bullets  other  tiian  that  used 
in  the  present  T44  round  has  indicated  that  a  bullet 
with  a  secant  ogive  and  boattail  has  less  drag  below 
1,200  fps  than  does  the  T44  bullet.  Preliminary  In¬ 


vestigations  by  this  came  group  have  shown  that  a 
caliber  JSO  frangible  slug  made  from  material  of  the 
■use  density  at  the  T44  ia  inferior  to  the  caliber  AO 
T44  in  ao  far  a*  velocity  limit  for  perforation  U  con¬ 
cerned. 

Chapter  11 

DESIGN  OF  MODEL  SUPERSONIC 
WIND  TUNNEL 

In  order  to  obtain  information  needod  for  the  design 
of  a  large  supersonic  wind  tunnel  to  be  built  at  the 
Aberdeen  Proving  Ground,  a  model  wind  tunnel  har- 
irg  a  2.5-in.  square  working  section  was  constructed 
at  the  California  Inst'tute  of  Technology.  This  tunnel 
was  designed  to  operate  at  Mach  numbers  from  1.2  to 
4.4.  The  specific  problems  that  were  salved  are  the 
following: 

1.  The  pressure  ratios  and  power  requirements  at 
various  Mach  numbers. 

2.  The  design  of  nozzles  to  give  supersonic  flow  in 
the  working  section. 

3.  The  manner  of  supporting  the  model  to  avoid  in¬ 
terference  with  the  air  flow  around  it. 

4.  Methods  of  observing  the  flow  and  of  measuring 
the  forces  acting  on  the  niodeL 

*  Chapter  12 

BEHAVIOR  OF  MATERIALS  UNDER 
DYNAMIC  LOADS 

Under  very  rapidly  applied  forces,  such  as  occur 
during  impact  or  explosion,  a  structure  may  be¬ 
have  quite  differently  than  under  static  or  gradually 
applied  forces.  An  investigation  of  these  changes  and 
of  the  factors  governing  them  w&s  one  of  the  first  prob¬ 
lems  attacked  by  Division  2  in  the  course  of  its  study 
of  structural  defense.  The  effect  of  dynamic  loading 
is  particularly  important  in  connection  with  tho  pene¬ 
tration  and  perforation  of  projectiles,  in  the  response 
of  elements  of  structures  to  bl&st  or  impact,  and  in  the 
dsmago  to  ship’s  plating  by  blast  or  .nderwater  shock. 
In  addition,  there  are  numerous  other  situations  where 
strength  under  impulsive  loading  is  important,  for 
example,  in  the  calibration  of  crusher  cylinders  for 
measuring  chamber  pressures  in  guns. 

Two  faotora  must  be  considered  in  any  investigation 
of  the  effect  of  impulsive  forces.  First,  there  ia  a 
change  in  the  physical  characteristics  of  most  mate¬ 
rials.  As  the  rate  of  deformation  is  increased  the  re¬ 
sistance  to  deformation  also  increases.  Thus  for  soft 
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copper  specimen!  the  force  required  to  produce  a  given 
deformation  djxmmicatij  at  a  certain  rate  of  straining 
area  found  to  be  of  the  order  of  SO  per  cent  greater 
than  that  required  statically.  Similar  effect*  exist  in 
■teelt.  Furthermore,  normally  ductile  materials  are 
able  to  withstand  stresses  well  above  their  elastic  limits 
without  permanent  deformation  if  the  forces  are  ap¬ 
plied  for  short  enough  periodic  The  investigation  of 
the  change  in  material  properties  under  dynamic  loads 
was  pursued  experimentally  with  soma  analytical  as¬ 
sistance. 

The  second  important  factor  to  consider  in  dynamic 
loading  is  the  propagation  offtcL  The  effect  of  a  force 
applied  suddenly  to  a  structure  is  not  transmitted  in¬ 
stantaneously  throughout  the  structure*  but  with  a 
finite  velocity.  Consequently,  the  more  npidly  a  force 
is  applied  the  greater  the  tendency  for  the  effect  to  be 
localized  near  the  point  of  application.  Thus  a  sudden 
tensile  force  on  a  wire  tends  to  males  it  break  at  tha 
loaded  end.  It  ia  found  that  for  instantaneously  ap¬ 
plied  forces  the  occurrence  of  localised  failure  depends 
on  the  velocity  produced  by  the  force,  or,  in  cases 
where  the  loading  is  produced  by  impact,  the  velocity 
of  impact  is  the  governing  factor.  Iu  general,  there 
appears  to  be  a  definite  critical  velocity  of  impact  for 
a  given  structure  loaded  in  a  given  manner.  Above 
this  critical  velocity  failure  occurs  at  the  loaded  point 
with  very  little  deformation  or  damage  in  the  rest  of 
the  system.  Below  the  critical  velocity  failure  may  or 
may  not  occur  at  the  point  of  application  of  the  load 
(depending  generally  on  the  geometry  of  the  system), 
but  the  damage  and  deformation  to  the  structure  will 
not  generally  bo  confined  to  the  neighborhood  of  the 
load.  Consequently,  the  amount  of  energy  that  can  be 
absorbed  by  a  structure  under  impact  is  usually  very 
much  less  for  velocities  above  tha  critical  than  for 
those  below.  •  ' 

Tho  critical  velocity  of  tensile  impact  for  most  duc¬ 
tile  metals  is  of  the  order  of  100  to  200  fps.  In  trans¬ 
verse  impact  on  a  thin  member,  such  ss  a  wire,  the 
critical  velocity  if.  of  the  order  of  300  to  600  fps.  This 
effect  may  be  important  in  the  esse  of  balloon  mooring 
cables  struck  by  planes,  or  for  thin  plates  or  dia¬ 
phragms  under  blast  loads. 

Chapter  13 

DEFORMATION  OF  STEEL  UNDER 
HIGH  PRESSURE 

This  investigation  was  a  portion  of  the  fundamen¬ 
tal  research  program  undertaken  by  Division  8  and 


directed  at  acquiring  an  understanding  of  the  mechfr- 
nisn  of  armor  penetration  by  projectiles.  During  coda 
penetration  the  materiel  adjacent  to  the  projtrtQa  is 
subjected  to  stresses  of  the  order  of  600,000  p«d  and 
to  exceedingly  large  deformations.  Comparable  stresses 
and  deformations  cannot  be  reproduced  in  such  mate¬ 
rial  by  the  normal  methods  of  testing  since  rupture 
always  intervenes.  Consequently,  such  tests  can  fur¬ 
nish  only  estimates  of  tha  amount  of  strain-hardening 
and  of  the  conditions  that  produce  ruptur*  during 
projectile  penetration.  However,  under  large  hydro¬ 
static  pressures,  rupture  can  be  delayed  sufficiently  to 
allow  both  aspects  to  be  adequately  covered.  Tha  prin¬ 
cipal  object  of  this  investigation  was  to  use  this  mesne 
of  securing  this  information.  During  the  first  stages 
of  the  work  another  object  was  also  in  view,  to  deter¬ 
mine  whether  or  not  the  information  acquired  during 
testa  under  large  hydrostatic  pressVk'e  could  be  cons¬ 
isted  directly  with  the  ballistic  performance  of  e  mate¬ 
rial. 

The  following  conclusions  are  drawn: 

1.  The  region  of  high  pressure  in  the  neighborhood 
of  a  penetrating  projectile  is  characterised  by  pribtf* 
cally  infinite  ductility.  This  ductility  is  tha  result*  of 
the  pressure  and  does  not  require  any  elevation  of 
temperature. 

8.  This  region  of  high  pressure  and  high  ductility 
surrounding  a  penetration  is  also  a  region  of  very  se¬ 
vere  strain-hardening.  This  hardening  may  be  by  a 
factor  of  two  or  three,  depending  on  tho  type  of  steel 
This  factor  appears  to  be  smaller  for  steels  of  high 
normal  strength;  thus  there  ia  partial  compensation. 

3.  This  investigation  has  not  revealed  any  signifi¬ 
cant  correlation  of  the  behavior  under  pressure  with 
ballistic  behavior.  It  appears  that,  in  gcnoral,  ballistic 
behavior  is  closely  associated  with  fairly  obvious  char¬ 
acteristics,  such  as  inhomogeneity*  brittleness,  pres¬ 
ence  of  inclusions,  etc.,  which  can  be  investigated  by 
standard  methods. 

4.  The  relation  between  applied  force  and  the  re¬ 
sulting  deformation  of  a  test  specimen  ia  not  mud' 
affected  by  superposition  of  a  hydrostatic  pressure. 
In  fact,  tho  load  to  produce  a  given  strain  must  be 
increased  by  an  amount  of  the  order  of  only  6  per  cent 
for  pressures  of  the  order  of  160,000  psi.  On  the  other 
hand,  the  superposition  of  hydrostatic  pressure  in¬ 
creases  very  greatly  the  amount  of  deformation  that 
can  be  produced  before  rupture,  permitting  investiga¬ 
tion  of  regions  not  otherwise  attainable. 

6.  The  orientation  of  a  specimen  with  reff^xwt  to 
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the  direction  of  rolling  of  tho  original  plate  hat  some 
effect  on  its  rupture  strength,  hot  no  observable  effect 
on  the  load  required  for  a  given  defonpaikm. 

6.  The  Brinell  hardness  of  steel  appears  to  be  in* 
creased  by  about  5  per  cent  for  on  increase  in  hydro* 
static  pressure  of  160,000  peL 

Chapter  14 

DEFENSE  AGAINST  SHAPED  CHARGES 

The  problem  of  providing  protection  against 
shaped-charge  weapona  has  been  studied  in  con* 
siderable  detail.  In  tho  course  of  this  investigation, 
a  number  of  fundamental  experiments  and  much  theo¬ 
retical  work  have  been  carried  on  simultaneously  with 
the  necessary  engineering  type  of  experiments. 

As  a  shaped-charge  jet  penetratea  the  front  of  a 
target,  the  pressure  it  produces  ia  so  great  that  the 
strength  of  most  target  materials  ia  unimportant  and 
the  process  ia  governed  primarily  by  the  target  den¬ 
sities.  Materials  of  low  density  provide  the  greatest 
protection  for  a  given  weight  Densities  from  100  to 
160  lb  per  cu  ft  are  practical.  However,  strength  ia 
desirable  at  the  rear  of  a  target  to  prevent  the  flow 
that  tends  to  continue  after  the  jet  is  used  up. 

Tb~  protection  of  armored  vehicles  was  the  prob¬ 
lem  considered  to  be  the  most  important,  because  of 
the  fact  that  light  infantry  weapona  had  been  devel¬ 
oped  by  the  enemy  that  were  capable  of  perforating 
and  setting  in  fire  any  tank.  Two  practical  protection 
devices  were  developed.  The  first  was  a  set  of  remov¬ 
able  steel  panels  containing  plastic  armor  consisting 
of  a  quartx  gravel,  pitch,  and  wood-flour  mixture  (don- 
oity,  125  lb  per  cu  ft)  designated  HCB2.  The  second 
was  a  set  of  steel  plates  with  hardened  steel  spikes 
weldod  onto  them, 

Tho  panels  were  made  to  cover  the  majority  of  the 
most  vvlnerablo  arena  of  any  114  tank.  The  maximum 
protection  of  this  type  that  could  be  applied  without 
interfering  with  the  operation  of  the  vehicle  added 
11.7  tons.  Construction  was  started  on  two  seta  of 
panels,  one  UBing  homogeneous  armor  and  the  other 
using  mild  steel,  in  the  mild-steel  panels  the  front 
plates  wore  backed  by  aluminum.  It  is  estimated  that 
becauso  of  its  thicker  basic  armor  and  the  smaller  area 
needing  protection,  the  1126  tank  can  by  provided  with 
equivalent  protection  by  adding  7.1  tons. 

Tho  spikes  provide  protection  by  impaling  the  liner 
of  the  shaped- charge  weapon  and  thus  spoiling  its  per¬ 
formance.  Protection  of  this  kind  can  be  provided 


against  existing  weapons  with  4.1  tons  for  the  M4  and 
8Ji  tons  on  tho  H2(L 

'  Becauso  demolition  holloa  charges  were  being  used 
against  concrete  fortifications,  the  protection  of  theM 
structures  was  studied.  Since  concrete  follows  the  den 
aity  law  end  ita  density  ia  low,  it  is  a  fairly  good  pro* 
tective  material  itself.  It  was  found  that  the  weight 
of  concrete  needed  for  protection  could  be  reduced  by 
each  or  all  of  the  following  devices;  increasing  the 
strength  of  the  concrete,  providing  en  air  space  be¬ 
tween  two  walle  of  concrete,  using  a  steel  scab  plate 
on  the  back  surface,  and  using  a  steel  face  plate  on  the 
front  surface.  The  reduction  in  weight  achieved  with 
the  first  two  devices  is  very  small,  but  with  the  last 
two  it  is  more  significant.  The  scab  plate  also  protects 
personnel  against  scabbing  fragments  from  a  wall  per* 
forated  by  a  shaped-charge  jet 

Chapter  IS 

STRUCTURAL  i  .OTECTION 

To  study  the  prin  Iplca  of  design  and  construction 
of  defensive  structures,  both  civil  and  military, 
waa  tho  original  function  of  Division  2,  and,  although 
the  chiof  concern  of  the  division  shifted  from  defense 
to  attack  as  the  war  progressed,  defense  never  become 
wholly  unimportant.  Much  of  the  work  that  waa  done 
was  of  fundamental  nature ;  most  of  this  is  discussed 
in  tho  curly  chapters  of  thie  volume,  especially  those 
dealing  with  explosions,  with  terminal  ballistics,  and 
with  tho  properties  of  matter.  Under  "Structural  Pro¬ 
tection,”  Chapter  16,  are  considered  the  experimental 
studies  of  structural  behavior  that  are  not  treated  else- 
where  in  tho  volume,  and  the  methods  of  analysis  and 
desigu  of  structures  that  have  been  developed. 

Generally,  the  important  problems  of  structural  pro¬ 
tection  aro:  (1)  to  determine  what  attack  will  just  de¬ 
feat  a  structure  (this  is  likewise  tho  principal  problem 
of  attack)  or  how  much  damage  to  &  structure  will  be 
caused  by  a  certain  attack,  and  (2)  how  the  resistance 
of  a  structure  to  attack  can  be  increased,  or  structures 
of  increased  resistance  bo  constructed.  The  following 
experimental  studies  have  been  made  (mostly  uia- 
cussed  in  Chapter  15) :  the  effect  of  underground  ex* 
plosion#  on  massivs  buried  eoncreto  structures,  the 
damage  caused  by  external  and  by  confiuod  explosion* 
(briefly)#  the  effect  of  contact  explosions  on  concrete, 
and  tho  behavior  of  reinforced  concrete  beams  under 
impact.  On  tho  ana’.'tical  side,  both  the  eloatio  and 
tho  plostio  types  of  behavior  of  structures  have  been 
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studied  and  reasonably  simple  methods  of  predicting 
the  effect  of  a  given  impact  or  impulse  on  a  structure 
or  structural  element  dsvioea.  Comparisons  with  ex¬ 
periment  for  cases  of  plastic  behavior  are  shown  in 
the  appendix  of  this  chapter. 

Impact  or  contact  explosion  generally  causes  both 
local  and  general  damage.  The  local  damage  may  con¬ 
sist  of  cratering  on  the  side  of  the  attack,  scabbing 
on  the  far  aide,  or  even  perforation  of  the  target  Scab¬ 
bing  may  bo  a  very  serious  danger  to  personnel  or 
equipment  within  a  fortification  or  shelter.  Its  likeli¬ 
hood  can  be  reduced  by  the  use  of  scab  plates  or  scab 
mesh  on  tho  inside  face  that  are  well  tied  to  the  inte¬ 
rior  of  the  wiJL  In  the  absence  of  such  devices,  the  oc¬ 
currence  of  scabbing  is  determined  by  the  quantity  and 
strength  of  explosive,  on  whether  or  not  it  is  backed 
by  earth  or  other  material,  and  by  the  strength  and 
thickness  of  the  wall.  Expressions  for  the  limiting  wall 
thickness  for  a  given  amount  of  explosive  with  and 
without  backing  are  given.  Expressions  are  also  given 
whereby  the  size  of  craters  con  be  predicted  in  a  given 
situation. 

General  damage,  distributed  over  tho  more  distant 
parts  of  a  target  is  caused  by  either  contact  or  distant 
explosion,  or  by  impact.  The  extent  and  distribution 
of  the  effect  are  determined  by  the  characteristics  of 
the  structure  and  by  tho  amount  and  distribution  of 
tho  pressure  exerted  on  the  structure.  When  the  dura- 
tion  of  this  impulsive  load  is  short  the  impulse,  or 
area  of  tho  active  force-time  relation,  determines  the 
effect.  Methods  of  predicting  this  effect  are  discussed 
and  their  agreement  with  experiment  shown  to  be  ade¬ 
quate.  In  addition,  the  magnitude  of  impulse  associ¬ 
ated  with  a  contact,  air-backed  explosion  is  shown  to 
uspend  on  the  amount  and  kind  of  explosive,  and  on 
the  shape  of  tho  explosivo  charge,  the  impulso  being 
g.  eater  as  the  center  of  gravity  of  the  charge  is  moved 
closer  to  the  contact  surface.  An  exprecsion  for  pre¬ 
dicting  the  amount  of  tho  impulse  is  given. 

Chapter  16 

TARGET  ANALYSIS  AND  WEAPON 
SELECTION 

The  efficient  prosecution  of  a  war  requires  that 
weapons  be  solected  to;  each  target  in  such  a  way 
that  the  maximum  damage  results  for  a  given  expen¬ 
diture  of  effort.  The  proper  weapon  and  the  necessary 
woight  of  attack  using  this  weapon  can  be  detet  vned 


by  careful  analysis  of  the  target  and  by  application 
of  the  principle*  of  weapon  selection. 

In  bombing  attache,  the  physical  damage  to  the  tar¬ 
get  is  usually  measured  in  terms  of  the  area  damaged 
to  a  specified  degree,  and  the  efficiency  of  a  particular 
weapon  against  the  target  in  question  ia  expressed  by 
its  mtan  area  of  effeciiveneee  [MAE].  This  quantity 
it  the  average  expected  area  of  damage  for  one  bomb, 
divided  by  the  weight  of  one  bomb.  The  greeter  the 
MAE,  the  more  efficient  the  weapon  against  the  given 
target.  The  MAE  for  a  particular  combination  of 
bomb  and  target  may  be  determined  in  several  ways; 
the  most  reliable  method  ia  by  measuring  the  damage 
occurring  in  a  large  number  of  bombing  attacks  in 
which  targets  of  the  particular  type  were  damaged. 

Targets  may  be  damaged  by  external  air  blast,  con. 
fined  blast,  underground  explosion,  underwater  explo¬ 
sion,  fragmentation,  debris,  or  fire.  The  target  must 
usually  be  analyzed  in  terms  of  its  vulnerability  to 
several  of  these  mechanisms,  and  that  mechanism  to 
which  the  target  it  most  vulnerable  solected.  The  weap¬ 
on  capable  of  causing  the  desired  type  of  damage,  and 
having  the  greatest  MAE  for  the  target  under  con¬ 
sideration,  it  usually  best  Iu  some  cases  the  greatest 
overall  efficiency  is  obtained  by  selecting  some  bomb 
other  than  that  having  the  highest  MAE  for  the  tar. 
got,  since  all  bombs  do  not  load  to  equal  weights  on 
aircraft  The  bomb  expected  to  cause  the  greatest 
damage  per  plane  load  can  be  determined  from  a 
knowledge  of  the  MAE  and  the  loading  characteristics 
of  each  bomb  under  consideration,  and  should  he  se¬ 
lected  for  the  greatest  efficiency. 

In  many  instances  of  bembing  attack  a  knowledge 
of  tho  mechanism  of  damage  to  which  tho  target  is 
most  vulnerable  will  determine  tho  heat  type  and  fus¬ 
ing  of  bomb  and  frequently  will  also  determine  the 
moat  efficient  sizo  of  bomb  to  bo  used.  For  example, 
air  blast  is  most  efficient  if  very  large  light-eased 
bombs  are  used  and  are  fuzed  for  air  burst;  confined 
blast  requires GP  (occasionally  SAP)  bombs  with  short 
delay  fuzing;  underground  explosion  require*  GP 
bombs  with  delay  fuzing ;  depth  bomba  are  eapocially 
designed  for  causing  damage  by  underwater  explosion 
and  ehould  be  used  with  propcrlv  eet  hydrostatic 
fuzes;  specially  designed  fragmentation  bombs,  with 
instantaneous  or  air-burot  fuzes,  should  be  used  for  ' 
targets  vulnerable  to  fragments;  incendiary  bomba 
are  for  uso  against  combustible  targets. 

A  detailed  discussion  of  the  methods  of  applying 
a  knowledgb  of  the  mechanisms  of  damage  and  a 
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knowledge  of  the  characteristics  of  the  target  to  weap¬ 
on  selection  and  determination  of  force  requirements 
is  given  in  Chapter  18.  These  principles  are  applied 
to  military  targets,  transportation  targets,  and  indue* 
trial  targets.  The  results  of  many  of  the  target  anal* 
yeas  given  in  this  chapter  are  given  in  abstract  form, 
in  Section  8  of  the  Weapon  Data  Sheets  of  Chapter  It. 

Chapter  17 

THE  DIVISION  2  TECHNICAL  LIBRARY 

Since  the  principal  function  of  the  division  was 
the  collection,  analysis,  and  distribution  of  infor¬ 
mation  on  the  performance  of  weapons,  a  libraiy  was 
essential  to  its  existence.  The  organisation  of  the  li¬ 
brary  was  designed  to  St  into  the  organization  and 
functioning  of  the  division  as  closely  as  possible.  Clas¬ 
sification  of  reports  was  by  subject,  with  very  com¬ 
plete  cross  referencing  by  subject  (all  the  subjects 
touched  on  in  each  report  were  used),  by  author,  by 
title,  end  by  all  reference  numbers  appearing  on  each 
report  This  raado  it  possible  to  locate  a  report  of 
which  only  a  fragmentary  description  waa  available; 
it  waa  also  possible  to  find  all  reports  in  the  library 
that  dealt  with  a  particular  subject. 

The  usefulness  of  the  library  waa  considerably  in¬ 
creased  by  the  preparation  of  abstracts  of  all  reports 
as  they  wore  received.  These  abstracts  were  distributed 
promptly  to  the  various  research  workers  in  the  divi¬ 
sion,  enabling  them  to  request  those  reports  of  partic¬ 
ular  use  to  them,  serving  the  purpose  better  than  a 
simple  acquisition  list  Tho  abstract  of  each  report 
waa  also  put  on  its  principal  subject  filing  card  so  that 
a  subject  search  through  the  libraiy  was  possible  with¬ 
out  an  examination  of  all  reports  in  the  field  in  ques¬ 
tion,  and  was  not  handicapped  by  the  absence  of  any 
reports  that  happened  to  be  on  loan. 

The  reports  received  were  obtained  from  various 
sources  British  reports  on  weapons  and  weapon  per¬ 
formance  came  through  the  OSBD  Liaison  Office.  Re¬ 
ports  prepared  by  the  American  Services  wore  obtained 
through  Group  A  of  the  Liaison  Office.  Those  members 
or  associates  of  the  division  who  were  attached  to,  or 
in  contact  with,  other  research  or  investigating  or¬ 
ganizations  were  of  great  assistance  in  securing  re¬ 
ports.  By  the  end  of  World  War  II  the  contents  of  the 
library  amounted  to  about  20,000  items. 

Perhaps  the  most  important  requirement  for  a  suc¬ 


cessful  library  is  that  it  receive  the  serious  and  prefsr- 
ably  the  fnll-time  attention,  of  a  capable  individual 
and  not,  as  tends  to  be  the  case,  be  given  to  the  newest 
member  of  the  organization  at  one  of  Ids  minor  re¬ 
sponsibilities. 

Chapter  18 

OPERATIONS  ANALYSTS 

A  training  course  for  operations  analysts,  to  act 
as  consultants  on  weapon  effectiveness  and  bomb 
selection,  was  given  at  the  Princeton  University  Sta¬ 
tion  of  Division  8.  The  training  program  included 
lectures  on  the  fundamentals  of  terminal  ballistics 
and  explosive  effects,  a  review  course  in  mechanics, 
and  a  special  course  in  mathematical  probability  and 
its  applications  to  bombing  problems.  Additional  train¬ 
ing  by  other  organizations  included  instruction  on 
the  characteristics  and  effects  of  incendiaries  by 
NDBC  Division  11,  on  rockets  by  NDRC  Division  9, 
on  bombs  and  fuzes  by  the  U.  S.  Navy  Bomb  Dis¬ 
posal  School,  further  training  in  mathematical  prob¬ 
ability  by  the  Applied  Mathematics  Pane),  and.  a  abort 
course  at  the  Army  Air  Forces  School  of  Applied 
Tactics. 

Approximately  forty  men  were  trained.  They  were 
assigned  to  operations  analysis  sections  of  several 
Army  Air  Forces,  the  Joint  Target  Group  (AC/A8 
Intelligence),  various  naval  organizations,  and  to 
other  work  where  a  knowledge  of  weapon  performance 
waa  required. 

The  work  of  these  men  was  very  well' received,  and 
some  of  them  were  clearly  influential  in  decisions  taken 
at  higher  levels.  Meat  of  the  men  worked  f^r  the  Army 
Air  Forces,  and  all  indications  are  that. the  Amy  Air 
Forces  were  well  satisfied  with  their  work  in  analyzing 
targets  and  determining  their  vulnerability.'' 

Chapter  19 

WEAPON  DATA  SHEETS 

Division  2  has  prepared  a  loose-leaf  .notebook  giv¬ 
ing,  in  compact  and  accessible  form,  quantitative 
information  on  the  characteristics  and  perfornunoo 
of  weapons.  The  emphasis  has  been  on  aerial  bomb¬ 
ing,  but  other  weapons  are  included.  This  notebook 
wts  issued  in  loose-leaf  form  so  that  new  mated  aland 
revisions  of  old  material  could  bo  added  at  frequent 
interval*.  .  - 
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The  notebook  vu  first  published  in  July  1943. 
Rfty  copies  contsining  13  Wsepon  Data  Sheet*  *nd 
3  Incident  Summaries  were  issued  then.  The  book 
finally  included  a  total  of  81  Weapon  Data  Sheet*  and 
17  Incident  Summaries.  The  final  distribution,  includ¬ 
ing  the  desk-sis*  loose-leaf  notebook,  *  pocket  edition 


for  field  uae,  and  bound  copies  of  the  final  edition, 
leeched  s  total  of  nearly  1,200  copiss 
All  sheets  of  the  final  edition,  with  one  omiaston 
and  a  few  minor  corrections,  arc  reprinted  in  Chapter 
19  tc  tern  aa  reference  material  for  th*  other  chapter* 
of  this  report. 
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Chapter  i 

UNDERWATER  EXPLOSIVES  AND  EXPLOSIONS 

INTRODUCTION  completed,  oa  the  so-called  babble  phenomena,  that 


UKDKEWATxa  explosions  are  jvioua  military  tm> 
portanee  in  connection  with  attack  upon  merchant 
and  naval  vessels,  including  submarines,  end  in  the 
clearance  of  underwater  obstaclee  both  artificial  and 
natural.  lit  addition,  they  have  recently  been  need 
for  long-diatance  signaling.  Jn  order  to  utilise  inch 
explosions  most  effectively  and  in  ordor  to  design  the 
most  efficient  underwater  weapons  and  to  develop 
quantitative  methods  for  determining  explosive  effec¬ 
tiveness  in  various  weapons,  it  is  necessary  to  have 
an  understanding  of  the  physics  and  chemistry  of 
the  phenomena  involved.4  For  these  reasons  it  was 
decided  by  the  National  Defense  Research  Commit¬ 
tee  [NDEC]  that  a  laboratory  for  the  investigation 
of  underwater  explosions  should  be  set  up.  The  Under¬ 
water  Explosives  Research  Laboratory  [UERLJ  was 
accordingly  established,  first  under  Division  8  (Ex¬ 
plosives),  by  means  of  a  contract  with  the  Woods  Hole 
Oceanogrsphio  Institution  at  Woods  Hole,  Massachu¬ 
setts.  In  1944,  this  contract  was  transferred  to  the 
jurisdiction  of  Division  8  (Effects  of  Impact  and 
Explosion),  as  a  consequence  of  reorganization  of 
Division  2. 

Before  the  founding  of  tbs  Underwater  Explosives 
Research  Laboratory,  work  had  been  done  on  under¬ 
water  explosions  by  the  Naval  Ordnance  Laboratory 
fNOL],  the  David  Taylor  Monel  Basin  [DT1IB], 
the  Submarine  Mino  Depot,  and  by  various  organiza¬ 
tions  in  Great  Britain.*  The  British  work  especially 
had  clearly  outlined  the  principal  features  of  the 
phenomena  to  be  studied  and  had,  In  addition,  indi¬ 
cated  some  of  the  most  promising  directions  for  the 
development  of  instrumentation.  'In  spite  of  this, 
however,  the  state  of  knowledge  in  1941,  when  work 
was  began  under  NDltC,  waa  extremely  rudimentary. 

By  the  end  of  World  War  II,  a  large  amount  of 
information  hsd  been  acquired,  both  by  the  British 
and  by  our6olves,  concerning  the  nature  of  the  explo¬ 
sion  process,  particularly  as  ooncerus  the  shock  wave 
emitted  by  an  underwater  explosion.  The  relative  effec¬ 
tiveness  of  various  explosives  had  been  measured. 
Furthermore,  studies  had  been  made,  though  not 

•  Pertinent  to  Wor  Department  Project*  OD-08  and 
OD-131  sod  to  Navy  Department  Projects  NO-138,  NO-223, 
NO-224,  NO-237,  NO-283,  and  NS-247. 


it  to  say,  the  pulses  omitted  by  the  oscillating  gat 
globe  resulting  from  an  underwater  explosion.  Some 
work  bad  been  done  on  the  theory  and  mechanism  el 
damage  to  structures  but  this  work  was  very  far  from 
being  complete. 

>•*  SURVEY  OF  RESULTS  OF  UNDERWATER 
EXPLOSION  INVESTIGATIONS 

The  term  “high  explosive**  ia  used  for  those  sub¬ 
stances  which  are  capable  of  undergoing  an  exceed¬ 
ingly  rapid  decomposition  known  as  detonation.1  This 
distinguishes  a  high  explosive  from  propellants  or 
"low**  explosives  which  decompose  by  a  process  of 
rapid  burning.  In  the  detonation  process,  the  reaction 
zone  spreads  through  the  material  at  a  rate  deter¬ 
mined  by  the  physical  laws  of  conservation  of  mesa, 
momentum,  and  energy.  In  the  burning  process,  the 
rates  of  the  chemical  reactions  involved  are  not  fast 
enough  to  sustain  a  “detonation  front,"  and  hence  the 
rate  of  conversion  of  reactants  to  products  is  limited 
by  the  rates  of  these  chemical  reactions. 

1X1  Description  of  a  Typical  Weapon 

A  normal  underwater  weapon  consists  of  a  main 
charge  of  high  oxpioeive,  for  example,  TNT,  a  booster 
charge,  which  is  a  small  charge  of  a  somewhat  more 
sensitive  explosive,  and  an  initiator,  whi^h  is  a  deto¬ 
nator  cap  containing  a  percussion  or  heat-sensitive 
explosive  in  very  small  quantity.  The  initiator  or  deto¬ 
nator  cap  is  fired  by  the  fuze  mechanism.  For  example, 
in  a  depth  charge  this  may  be  triggered  by  the  hydro¬ 
static  pressure  which  causes  a  striker  to  hit  the  deto¬ 
nator  cap  and  thug  set  off  the  very  sensitive  material 
in  it.  This  small  explosion  detonates  the  booster  charge 
which  in  many  weapons,  consists  of  a  few  pounds  of 
powdered  TNT.  The  resulting  explosion  is  thpn  suffi¬ 
ciently  powerful  to  detonate  the  main  charge  of  less 
sensitive  material.  The  chemicals  contained  in  the 
detonator  are  too  sensitive  to  be  hond’ed  in  any  quan¬ 
tity,  so  that  only  a  few  grains  are  used.  Mercury  ful¬ 
minate  or  lead  azide  are  commonly  usod  in  detonator 
caps,  often  combined  with  a  small  quantity  of  tetryl. 
Either  impact,  as  in  concussion  cap,  or  heat,  os  in  au 
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dectric  cap,  will  cause  these  combinations  to  detonate, 
whereas  cut  TNT  end  other  military  exploaivea,  euit- 
able  for  the  main  charge,  should  mot  detonate  with  a 
comparable  excitation. 

111  Explosives  Commonly  Used  for 
Underwater  Weapon* 

The  materials  which  hare  been  most  eommoslj  need 
for  the  main  filling  in  underwater  weapons  are  TNT, 
amatol,  minol,  torpex,  and  HBX,  whose  compositions 
ere  given  in  Table  1.  (Tri tonal  and  BDX-Composi- 

_  TabUC  l.  Kxpl  astro  wtnpoMoM.* 
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tion  B  are  included  aince  they  were  extensively  used 
by  tba  air  forces  against  land  targets.) 

The  introduction  of  aluminum  into  military  explo¬ 
sives  on  a  large  scale  was  one  of  the  outstanding  de¬ 
velopments  of  World  War  II.  This  addition  very 
greatly  increases  the  energy  released  on  detonation 
and  therefore  the  effectiveness  of  the  charge.  No  other 
change  in  chemical  composition  produces  nearly  so 
great  an  enhancement  of  the  effect  as  the  introduction 
of  aluminum. 

Torpex  was  the  most  powerful  military  explosive 
used  during  World  War  II.  QBX  is  a  form  of  torpex 
in  which  a  desensitize r  has  been  incorporated  to  make 
tho  materia!  lesa  hazardous  to  handle. 

A  considerable  number  of  other  materials  have,  of 
course,  been  used,  especially  by  enemy  nations. 

134  The  Detonation  Process 

High  explosives  are  chemical  compounds  contain¬ 
ing  large  amounts  of  energy;  that  is  to  say,  com¬ 
pounds  which  con  undergo  reaction  to  a  set  of  prod¬ 


ucts  of  considerably  lower  energy.  This  reaction  in  the 
ordinary  type  of  high  explosive  does  not  require  oxy¬ 
gen  from  the  air  bat  is  a  process  which  will  go  spon¬ 
taneously  without  outside  assistance  once  it  is  started. 
Most  high  explosives  ere  organic  nitre  compounds; 
that  is,  they  have  the  NOt  group  attached  to  carboa 
atoms  in  a  molecule  The  attschment  is  by  way  of  the 
nitrogen  atom.  During  the  explosion  reaction,  the 
atoms  in  the  molecule  are  partially  broken  apart  and 
rearranged  so  that  the  normal  products  would  ha 
Water,  carbon  monoxide,  carbon  dioxide,  and  nitrogen. 
In  other  words,  the  oxygen  transfers  from  ths  nitro¬ 
gen  to  hydrogen  and  carbon,  to  which  it  can  be  more 
strongly  bound,  thus  releasing  a  very  considerable 
quantity  of  energy.  If  aluminum  f.  present.  It  has  * 
strong  attraction  for  the  oxygen  and,  during  the  re¬ 
acUon,  takes  up  all  the  oxygen  needed  from  the  other 
material.  This  process  of  decomposition  and  rear¬ 
rangement  of  the  atoms  is  exceedingly  rapid  in  an 
exploaive  but  is  not  instantaneous.  Furthermore,  even 
if  the  reaction  velocity  were  infinite,  the  laws  of  con¬ 
servation  of  matter,  conservation  of  momentum,  and 
conservation  of  energy  would  place  a  limit  on  the 
velocity  with  which  the  region  of  decomposition  could 
proceed  down  a  stick  of  explosive  detonated  at  one 
end.  This  velocity  in  a  solid  high  exploaive  is  ex¬ 
tremely  great,  of  the  order  of  10,000  to  20,000  fpa 
but  it  can  be,  and  baa  been,  accurately  measured. 
Detonation  velocity  is  an  important  property  and  one 
which  is  now  quite  well  understood.  For  most  military 
applications,  it  is  not  a  measure  of  the  power  or  use¬ 
fulness  of  the  explosive.  Methods  exist  for  calculating 
the  detonation  velocity  of  material!  which  have  not 
been  made  in  more  than  gram  lota.  What  ia  required 
is  ths  chemical  formula  of  the  material  and  the 
heat  of  combustion.  These  considerations  of  thermo¬ 
dynamics  and  hydrodynamics,  namely,  the  conserva¬ 
tion  laws  of  mass,  momentum,  and  energy,  permit  a 
computation  of  the  detonation  velocity  which  agrees 
quite  well  with  that  measured  experimentally.  For  a 
more  complete  discussion  of  the  detonation  process 
and  studies  on  detonation  velocity,  the  reader  is  refer¬ 
red  to  the  Summary  Technical  Report  of  Division  8. 

As  the  detonation  process  proceeds  down  the  stick 
ot  explosive,  the  solid  explosive  in  front  of  the  deto¬ 
nation  wave  is  unaware  of  the  existence  of  the  explo¬ 
sion  becauso  the  detonation  wave  is  traveling  with  a 
velocity  greater  than  the  velocity  of  sound  in  the  ex¬ 
plosive  material.  Behind  the  detonation  front,  the 
pressure  rises  almost  instantly  to  an  exceedingly  high 
value  of  the  order  of  2,000,000  psi.M  If  the  explo- 
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sive  U  unconfined,  this  region  o!  high  preuure  will 
rapidly  expand  into  the  surrounding  medium,  whether 
air  or  water,  and  that  fall  ultimately  to  atmoepheric 
pressure.  If  the  explosive  is  contained  in  a  metal  case, 
the  case  is  raptured. 

Under  certain  conditions,  a  high-order  detonation 
such  as  described  above  does  not  occur.  For  example* 
if  the  initiation  process  is  inadequate,  the  explosive 
may  simply  horn  If  open  to  the  oxygen  of  the  air. 
This  bun  /  is  very  fierce  but  a  very  much  slower 
pi  'css  indeed  than  detonation.  The  energy  released 
may  be  actually  greater  than  in  the  cose  of  detonation 
but  it  it  released  over  a  relatively  long  time  and, 
therefore,  does  not  have  the  shattering  effects  of  a 
true  explosion.  Even  in  the  absence  of  oxygen,  the  do- 
composition  may  take  place  at  a  lower  velocity  or  may 
begin  and  then  die  out,  leaving  a  large  mass  of  un* 
reacted  material.  It  is  also  possible  that  a  fairly  thiu 
layer  of  material  near  the  surface  o»  the  explosion 
may  be  blown  away  without  decomposition.  This  layer 
would,  therefore,  not  contribute  its  energy  to  the  ex* 
plosion.  Thess  questions  of  so-called  low-ordor  deto* 
nations  are  not  cumpletoly  understood  but  can  usually 
be  avoided  by  having  a  suitable  booster. 

As  the  detonation  wave  passes  a  given  point  ir  the 
explosive,  there  ere  left  the  gaseous  products  of  the 
decomposition  of  the  explosive  at  a  very  high  pressure, 
moving  with  a  considerable  forward  velocity.  This 
pressure  is  sufficient  to  burst  the  container  of  the 
weapon  without  regard  to  the  tensile  strength  of  tha 
metal ;  in  other  words,  the  metal  has  an  effect  on  the 
situation  only  through  its  inertia,  since  its  strength 
is  utterly  negligible  compared  with  the  forces  which 
are  acting  upon  it  In  an  underwater  explosion,  the 
thiu  v^ntsiners  normally  used  have  very  little  influ¬ 
ence  on  either  the  internal  or  external  phenomena,  so 
far  as  is  known. 

lA<  Properties  of  the  Shock  "Wave 

The  very  high  pressure  la  the  explosion  products  is 
communicated  to  the  water  immediately  surrounding 
the  charge,  since  the  gaseous  products  naturally  begin 
to  expand  at  once  and,  therefore,  to  push  against  the 
surrounding  water.  It  is  often  stated  that  water  is  in¬ 
compressible  but,  of  course,  this  is  only  &  relative 
statement  Water  is  much  less  compressible  than  air 
but  is  considerably  more  compressible  than,  say,  stecL 
Under  tho  influence  of  the  very  great  pressures  pro¬ 
duced  in  an  explosion,  a  thin  layer  of  the  water  around 
the  charge  is  highly  compressed  and  accelerated  out¬ 


ward.  Tbia  compression  and  outward  motion  is 
transmitted  to  the  next  layer  of  water,  and  so  forth,  as 
that  a  wave  of  compression  spreads  out  through  the 
water,  accompanying  which  ths  water  acquires  as  out¬ 
ward  mass  motion. 

Natttox  or  tux  Shock  Wats 

Tha  compression  vit*  hss  certain  vary  interesting 
properties.  In  the  first  piece*  it  has  a  very  steep  front; 
in  other  words,  the  rise  in  pressure  as  the  wave 
reaches  a  given  point  is  practically  instantaneous. 
This  is  partly  because  tha  explosion  which  produced 
ths  pressure  wave  was  a  very  .apid  event  in  itself. 
Even  if  a  slower  process  were  used  lo  start  tha  pres¬ 
sure  wave  so  that  it  would  not  initially  he  steep- 
fronted,  it  would  gradually  become  steeper  aa  it 
traveled  outward  through  the  water,  because  the  high- 
pressure  portions  of  the  wave  travel  faster  then  or 
“overtake”  the  preceding  low-pressure  portions.  This 
overtaking  effect  follows  from  two  consequences  of 
ths  passage  of  the  preceding  low-pressure  rave.  First, 
the  water  behind  the  law-pressure  wave  ia  compressed 
and  somewhat  heated,  and  hence  transmits  compres¬ 
sion  waves  more  rapidly  than  the  water  ahead  of  the 
low-preesure  wave.  Second,  the  water  behind  the  low- 
pressure  wavo  has  acquired  a  mass  motion  forward  so 
tl\at  the  high-preesui*  portion  is  being  propagated 
through  a  forward-moving  medium.  The  high-pressure 
regions  thus  tend  to  catch  up  with  the  low-pressure 
regions  and  eventually  to  form  a  very  steep  front. 

The  steep  front  (see  Figure  1)  of  the  shock  wave 
is  followed  by  a  region  of  decaying  pressure  which  is 
to  he  expected  because,  as  the  explosion  gases  expand 
they  will  rapidly  fall  in  pressure.  In  fact,  this  fall  of 
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Fiouar  1,  OsciUorrrsra  showing  pressure-time  curve 
reoorded  by  pieioeicctrie  gauge. 
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prmurt  with  expansion  U  much  moro  rapid  than  one  the  abode  wave  arrived  at  the  point,  upon  which  the 
might  at  fint  expect.  If  the  gasee  formed  bj  the  ex-  water  would  immediately  acquire  a  forward  Telocity. 


ploaon  acted  like  gaaea  at  ordinary  temperature*  and 
preesuros,  the  preiaure  would  decay  aomewhat  more 
rapidly  than  the  volume  inmised  according  to  the 
ordinary  lawa  of  gaaea.  If  on*  oonaidera  the  propertiee 
of  a  gaa  with  a  dcniity  of,  aay,  100  lb  per  cu  ft  cow 
responding  to  a  preoure  of  about  f,000,000  pci  and  a 
temperature  of  the  order  of  3000  C,  one  aees  that 
these  propertiee  should  deviate  widely  from  thoee  of 
a  gaa  at  1  atmosphere  pressure  and  room  tempera¬ 
ture.  In  fact,  a  considerable  part  of  the  high  preeeure 
exhibited  by  gaa  of  this  density  is  due  to  deviations 
from  the  ideal  gaa  lawa  caused  by  the  finite  volume 
occupied  by  the  individual  gaa  molecules  themselves, 
a  volume  which  is  normally  neglected  in  discussions 
of  gases  at  ordinary  pressure.  Therefore,  as  the  gas 
expands,  this  contribution  to  the  pressure  is  very  rap¬ 
idly  lost  and  there  is  a  very  rapid  decay  of  pressure 
with  expansion.  This  decay  of  pressure  in  the  explo¬ 
sion  products  shows  up  aa  a  decay  in  the  pressure 
behind  the  peak  of  the  compressions!  wave  traveling 
out  through  the  water. 

The  compression  si  wave,  when  is  has  become  steep- 
fronted,  is  called  a  shock  wave  and  is  responsible  for 
at  least  a  part,  and  probably  a  major  part,  of  the  dam¬ 
age  caused  to  ships  and  structures  by  noucontact 
under  water  explosions. 

If  measuring  instruments  are  located  at  tome  dis¬ 
tance  from  an  underwater  explosion,  nothing  is  ob¬ 
served  at  the  actual  time  of  the  explosion  except 
possibly  a  flash  of  light  in  some  cases.  At  a  finite  time 
later,  depending  upon  the  distance  from  the  charge, 
there  is  a  sudden  rise  in  pressure  to  a  maximum  value, 
which  is  called  the  peak  pressure  in  the  shock  wave. 
After  reaching  the  peak  value,  the  pressure  immedi¬ 
ately  begins  to  decay.  The  decay  with  time,  at  a  given 
distance,  is  roughly  given  by  an  exponential  expres¬ 
sion  of  the  form 

where  P«  is  the  pressure  at  time  t  and  Pm  and  0  are 
constants,  the  peak  pressure  and  time  constant  re¬ 
spectively,  of  the  shock  wave  at  the  given  distance. 
The  rate  of  decay  is  commonly  indicated  by  giving 
the  value  of  $  which  corresponds  to  the  time  re¬ 
quired  for  the  pressure  to  fall  to  1/s  of  its  original 
value,  where  «  is  the  base  of  the  natural  logarithm 
or  £.718. 

Suitable  instruments  might  also  be  used  to  detect 
the  motion  of  the  wster.  This  would  be  aero  until 


This  forward  velocity  would  decay  a*  the  pressure 
decayed.  Because  of  this  motion,  tire  wster  through 
which  the  shock  wave  is  passing  possesses  an  outward 
momentum  or  impulse.  Hus  can  be  measured  by  ob¬ 
taining  die  area  under  the  pressure-time  curve  at  ■ 
point  and  is  one  important  characteristic  of  the  shock 
wave.  Another  obviously  important  characteristic  of 
the  shock  wave  is  the  amount  of  energy  which  is 
propagated  outward  past  any  given  point  To  a  fair 
degree  of  approximation,  this  is  given  by  the  area 
under  the  curve  in  which  the  square  of  the  pressure 
is  plotted  against  time,  though  more  accurate  expres¬ 
sions  can  be  given.  If  the  pressure  were  low,  such  aa 
'is  the  case  with  ordinary  sound  waves,  the  integral  of 
the  squure  of  tho  pressure  gives  accurately  the  energy 
transported.  The  forward  velocity  of  die  water  is 
proportional  to  the  pressure  and,  therefore,  the  kinetic 
energy  of  the  water  is  proportional  to  the  square  of 
the  preaaure. 

Decay  of  ths  Shook  Wavb  with  Distance 
If  the  explosive  is  in  the  form  of  a  sphere  or  of  e 
cylinder  ;  -'t  too  far  different  from  a  sphere  In  shape, 
the  shock  wave  will  spread  out  more  or  less  uniformly 
in  all  directions,  thus  forming  what  is  called  a  spher¬ 
ical  wave.  (See  Figures  2  and  8.)  The  area  covered 
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Fiona*  2.  FUeh  photograph  d  J4*lh  spherical  pentoUte 
charge  detonated  at  oca  ter. 
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Fioorb  3.  Fluh  photograph  of  J^4b  symmetrical  «•«** 
pcntolite  cylinder  detonated  at  cento. 


progresses  outward  because  the  high  pressure  ia  the 
front  of  the  wave  travels  faster  than  tits  low  pressure  _  _ 
in  the  “tail*  of  the  ware.  The  increase  in  the  durae-^*' 
tion  partly  compensates  for  the  extra  decay  of  peak** 
pressure  with  distance,  thus  bringing  about  the  result 
that  the  impulse  decays  very  nearly  as  the  first  power 
even  when  dissipation  ia  onnaidawsL 
Obdes  or  Kaoxitudk  or  Shock-Ways  PaujDrtoa 
Some  numerical  values  of  the  various  shock -wav* 
parameters  discussed  Shove  are  presented  in  Table  2. 

Table  X  Shock-wave  parameter*  to*  MO  lb  of 
eaat  TNT  (density  IJQ). 

|  Distance  from  charge  <tt> 


to 

SO 

•0 

100 

Peak  pressure  (pat) 

6.1S0 

3.800 

1.820 

l.OSO 

Impulse*  (jMl-aac) 

1(1 

>.00 

1.41 

0.90 

Ssercy  flax*  ipsl-to.) 

1,170 

700 

181 

04 

Time  constant  (msec) 

0.40 

0.00 

0.67 

!  o.<i 

*  U  *  iIm  UM  Um  (Look  (root  *qmI  to  AT  Uaes  i h»  Um 

Tks  Low-Phesschk  Tail  or  the  Shock  Wat* 

At  a  time  behind  the  shock  front  corresponding  to 
five  times  the  time  constant,  the  pressure  has  fallen 
to  5  or  10  per  cent  of  tho  peak  value  and  thereafter 


decreases  very  slowly.  This  low-pressure  region  is 
by  the  wave  will,  therefore,  increase  us  the  square  of  commonly  called  the  tail  of  the  shock  wave.*  On  theo- 
the  distance.  Hence  as  the  wave  spreads  outward  from  retical  grounds  it  is  predicted  that  tho  preaaure  must 
the  source,  it  will  decay  and,  if  thore  were  no  dissipa-  eventually  full  to  sere  and  then  go  slightly  negative, 
tion,  that  is,  no  conversion  of  energy  into  hoat  with  but  at  what  time  after  the  thock  front  tliia  occurs 
the  passage  of  tho  wave,  the  total  energy  would  re-  is  not  definitely  known. 

main  constant  over  the  whole  spherical  surface.  Be-  To  date,  accurate  measurements  of  the  tail  of  the 
cause  of  tho  increase  in  area  of  tho  sphere,  however,  shock  wave  have  not  been  made.  Tliia  ia  due  to  the 
the  energy  transported  across  the  unit  area  would  fact  that  tho  instrumentation  was  generally  designed 
decrease  as  the  square  of  tho  distance  from  tho  ex-  to  measure  the  higher  pressures  in  the  early  part  of 
plosion.  Connected  with  this  would  bo  a  decay  in  the  the  shock  wave  and  thus  tho  necessary  accuracy  for 
peak  pressure  which  would  follow  at.  inverse  first  measuring  the  very  low  pressures  in  tho  tail  was  not 
power  law,  since  the  energy,  which  is  related  to  the  realized.  For  explosive  comparison  measurements  this 
square  of  tho  pressure,  decoys  as  the  second  power,  difficulty  was  overcomo  by  measuring  the  impulse 
The  impulse  or  momentum  would  decay  approximate-  and  energy  flux  to  some  arbitrary  time  after  the  «WV 
ly  as  tho  first  power  since  it  is  the  area  under  the  front.  It  wea  convenient  for  this  purpose  to  choose  a 
pressure-time  curve.  In  actual  fact,  there  is  some  time  equal  to  some  multiple  of  6,  the  time  constant 
dissipation,  since  the  passage  of  the  shock  front  will  For  example,  at  a  time  after  tho  shock  front  equal  to 
result  in  an  irrever«ihle  transfer  of  mechanical  energy  8  9,  the  pressure  has  fallon  to  approximately  5  per 
into  heat  through  the  action  of  viscoua  forces,  etc.  This  ,  coat  or  less  of  the  peak  value.  It  should  be  pointed 
loss  of  available  energy  causes  the  decay  of  the  energy  out,  however,  that,  although  tho  pressure  in  the  tail 
transport  to  be  somewhat  more  rapid  than  tho  inverse  of  the  shock  wave  is  very  low,  if  it  lasts  long  enough 
square  of  the  distance,  though  the  effect  is  not  very  there  may  be  a  considerable  quantity  of  momentum 
great.  Consequently,  the  decay  of  the  peak  pressure  will  in  this  portion  of  the  wave.  Whether  or  not  this 
be  somewhat  greater  than  the  inverse  first  power.  momentum,  which  is  delivered  at  a  low  pressure,  is 
The  duration  of  the  wave  increases  ss  the  shock  important  in  damage  is  not  known. 
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Tbs  Fhihciplx  or  Siuiuxudb 

It  is  rcry  fortunate  that  the  peek  pressure,  dors* 
Hon,  and  other  properties  of  the  .shock  ware  from 
charges  of  one  size  can  be  very  simply  related  to  the 
properties  of  the  shock  wave  from  a  charge  of  A  dif¬ 
ferent  size.  The  relation  can  be  stated  as  followi: 

If  every  linear  dimension  of  an  as  plod  re  charge  fa 
multiplied  by  the  same  factor  k,  then,  at  A  distance 
Rk  from  the  larger  charge,  the  peak  pressure!  will 
be  identical  to  the  value  at  a  distance  R  from  the 
smaller  charge,  but  the  duration,  the  impulse,  and 
the  energy  from  the  larger  charge  will  be  k  times 
greater  at  Uieee  related  distances.  If  two  charges  have 
approximately  the  same  shape  and  one  ia  k  timet 
larger  in  its  linear  dimensions  than  the  other,  its 
weight  will,  of  course,  be  k  cubed  times  greater.  The 
law  can,  therefore,  be  approximately  stated  by  using 
tko  cube  root  of  the  weight  ratio  a 8  the  scaling  factor 
k.  Aa  an  example,  one  might  compare  the  shock  wave 
from  a  300-lb  TNT  charge  with  the  shock  wave  from 
a  charge  weighing  %•  of  a  lb  and  having  the  same 
shape  as  the  large  charge.  The  scaling  factor  is  then 
10,  the  cube  root  of  the  weight  ratio  of  1,000.  Conse¬ 
quently,  one  should  expect  to  obtain  the  same  pressure, 
about  6.000  psi,  at  a  distance  of  2  ft  from  the  small 
charge  as  was  obtained  at  20  ft  from  the  large  charge. 
The  duration,  impulse,  and  energy  at  20  ft  from  the 
largo  charge  will  each  be  ten  times  as  great  os  the  cor¬ 
responding  quantity  2  ft  from  the  small  charge.  It  is 
very  important  to  note  that  this  scaling  law,  by  itself, 
does  not  tall  anything  whatsoever  about,  tha  law  of 
decay  with  distance.  No  matter  what  the  latter  law 
should  be,  this  so-called  similarity  or  scaling  law 
would  be  expected  to  hold.  What  it  does  do  ia  con¬ 
nect  tho  law  which  governs  the  way  in  which  the 
shock-wave  properties  change  with  distance  with  the 
law  for  the  change  of  shock-wove  properties  with 
charge  size.  It  is,  of  course,  assumed  that  when  thv 
charge  sizes  change,  the  explosive  type,  density,  etc., 
are  kept  the  Borne.  Mathematically  stated,  the  simi¬ 
larity  law  is; 

Pressure  P  =  (1 LL^, 

Momentum  I  =  IV  */» 

Energy  flux  E  =  lV‘/8  > 

Time  constant  0  —  1 V*/«  (—■■ — V 


where  If  ia  the  weight  of  the  charge,  B  tha  distance 
from  the  explosion,  end  the  f»  unspecified  functions. 
In  actual  fact,  it  ia  found  both  empirically  And  theo¬ 
retically  that  the  decay  of  peak  pressure  with  distance 
in  water  does  not  deviate  greatly  from  the  inverts 
first  power  as  mentioned  above.  If  tha  decay  wore 
exactly  inverse  first  power,  the  similarity  law  would 
lead  to  the  conclusion  that  the  peak  pressor*  at  e 
fixed  distance  would  increase  aa  the  cube  root  of  the 
chargo  weight  The  dependence  on  distance  of  the 
shock-wave  parameters  must  be  determined  experi¬ 
mentally,  and  equatione  expressing  their  dependence 
are  approximate,  but  the  similarity  law  is  presumably 
vory  nearly  exact.*’*  Figure  4  illustrates'  the  accuracy 
with  which  similarity  scaling  represents  the  features 
of  the  pressure-time  relation  for  spherical  pentolite 
charges  of  from  4  to  80  lb.  The  deviations  in  the  tail 
of  the  curve  are  probably  experimental  error,  sine* 
measurements  in  this  region  are  aa  yet  subject  to  error. 

When  targets  or  gnuges,  etc.,  are  introduced  into 
the  picture,  perfect  scaling  cannot  be  expected  unless 
these  objects  are  also  scaled.  That  Is  to  say,  each  of 
their  linear  dimensions  should  bo  multiplied  by  the 
scaling  factor  k.  This  extension  of  ths  similarity 
principle  to  targets  as  well  as  to  shock-wave  properties 
is  called  the  Ilopkinson  rule  and  ia  subject  to  mor* 
uncertainty  theoretically  and  experimentally  than  ia 
the  simple  scaling  law  of  the  explosive  charge  and  its 
shock  wave.  (See  Section  1.3.3.) 

m  Interactions  of  Shock  Wavea 
v.-ith  Surfaces 

Ekjlf.ction  at  Fnu*  StmfACBfl 

The  effects  of  the  free  water  surface  on  the  explo¬ 
sion  have  been  neglected  so  far.  When  a  shock  wave 
reaches  a  free  surfaco  it  is  reflected,  not  as  a  wave  of 
compression  but  as  a  wave  of  reduced  pressuro  or  rare¬ 
faction.  This  ie  a  familiar  phenomenon  with  sound 
waves  and  holds  true  also  for  high-amplitude  ohock 
waves.  The  surface  of  the  water  is  thrown  upward 
with  less  resistance  then  is  wator  deeper  in  the  ocean. 
Consequently,  there  is  propagated  downward  the 
rsrefactiou  wave  mentioned  above.  If  the  target  or 
.  gauge  is  beneath  tho  surface  at  some  distance  from 
the  oxplosion,  it  will  receive  not  only  tho  direct  wave 
from  the  source,  but  also  a  wave  which  has  been  re¬ 
flected  from  tho  surface  of  the  ocean  and  is  therefore 
a  rarefaction  wave.  The  reflected  wave  will  arrive  at 
a  somewhat  luter  time  than  the  direct  wave  because 
of  the  longer  path.  When  it  does  arrive,  being  a  wave 
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Fiuoaa  t  Similarity  comparison  of  proMuro-tlme  curves  for  spherical  cut  pentoUte  charges  of  4  lb  and  SO  lb. 


of  rarefaction,  it  will  tend  to  cancel  the  pressure  still 
being  exerted  by  the  tail  of  the  original  ware.  A 
pressure-time  curve  showing  this  reflection  is  given 
in  Figure  S.  This  is  the  phenomenon  of  “cutoff*  end 
con  be  the  limiting  factor  in  the  rango  of  effective¬ 
ness  of  charges  in  shallow  water.  Tho  time  iuterval 
between  the  compression  and  rarefaction  and,  there¬ 
fore,  the  resulting  duration  of  the  pressure  pulse  in 
shallow  water  can  be  at  least  approximately  computed 
by  using  the  known  velocities  of  these  waves  and  the 
geometricel  direct  and  reflection  paths.  An  approxi¬ 
mate  formula  for  tho  cutoff  time,  I,  which  applies 


atsusurfsoe. 


whon  R,  the  horizontal  component  of  the  chargo-to- 
gauge  distance,  is  large  relative  to  tho  depth,  fs 


I 


SgD 
eft  * 


where  g  and  D  are  the  gauge  and  charge  deptha  and 
e  is  the  velocity  of  sound. 

Cavitation 

There  is  another  phenomenon  of  importance  which 
complicates  this  surface  reflection  effect  and  that  ia 
the  phenomenon  of  cavitation.  Tho  reflected  wave 
from  the  surface  is  a  rarefaction  wave,  but  water  will 
not  withstand  any  appreciable  tension.  Although  it  U 
claimed  that  extremely  pure  water  ondor  laboratory 
conditions  can  support  at  least  several  hundred 
pounds  per  square  inch  of  tension,  the  evidence  scema 
extremely  strong  that  ordinary  sea  water,  which 
would  normally  contain  many  impurities,  including 
air  bubbles,  etc.,  can  sustain  practically  no  tension. 
When  tension  is  applied,  what  happens  is  that  the 
water  ia  torn  apart  and  small  bubbles  appear  which 
contain  either  air  or  water  vapor.  These  bubbles  have 
been  photographed,  as  illustrated  in  Figure  6.  The 
occurrcnco  of  cavitation  therefore  limits  the  amount  of 
rarefaction  which  can  be  transmitted  through  the 
water.  This  limit  is  approximately  equal  to  the  total 
pressure  (stmosphorio  plus  hydrostatic  'plus  shock 
wave)  which  is  present.  Any  greater  rarefaction, 
which  would  tend  to  cause  actual  tension  in  the  water, 
results  in  cavitation. 
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Kioukb  6.  Flash  photograph  of  (hock  wave  re  Sec  tod 
at  free  (urfaoo  of  m. 


Beplection  at  Bioid  Surfaces 
When  s  shock  wavo  impinges  upon  a  rigid  surface, 
it  is  reflected  as  a  comprersional  wave.  Ia  other  words, 
it  is  more  or  less  completely  reflected  without  great 
change  in  shape.  If  the  incident  wave  strikes  tho  wall 
head-on,  it  will  bo  reflected  back  along  tho  same  line, 
with  the  result  that  tire  pressure  immediately  in  front 
of  the  wall  at  tho  time  of  reflection  will  be  the  sum 
of  tho  incident  and  reflected  pressures.  To  a  consider¬ 
able  degveo  of  accuracy  the  peak  prewtre  at  the  rigid 
reflecting  surface  will  be  twice  tho  peak  pressure  of 
the  incident  wavo  in  free  water  aud  the-  duration  will 


1 


be  approximately  that  of  the  free  wave,  provided  the 
surface  ia  of  infinite  extent  or  at  least  ao  large  that 
signals  coming  from  the  edges  do  not  arrive  during 
the  times  of  interest 

Tho  flash  photograph  of  Figure  7  shows  the  re*, 
fleeted  shock  ware  in  front  of  i  steel  block  as  well 
as  the  initial  shock  front 

Hack  BsnxctxQX 

If  the  wave  strike*  at  an  angle,  the  phenomenon  la 
similar  to  the  acoustic  caso  of  the  reflection  of  a  sound 
wave,  provided  the  intensity  is  not  too  great  For  each 


ANGLE  OP  tNCtOENCE  OF  SHOCK  WAVE 

Fi'iuki  ft.  Plot  showing  theoretical  prediction  of  con¬ 
ditions  under  which  Mach  reflection  will  occur. 


1'iaUHx  7.  Plash  photograph  showing  advance  of  (bock 
wave  around  eylindiica!  steel  block. 


angle  there  is,  however,  a  theoretical  lower  limit  to 
the  pressure,  above  which  simple  acoustic- type  reflec¬ 
tion  cannot  occur.*  What  does  occur  instead  is  the  so- 
called  Mach  effect.  Theoretical  studiea  have  been 
umdeM,,n  of  the  phenomena  which  tnko  place  under 
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conditions  such  that  acoustic  reflection  can  no  longer 
occur.  Some  of  the  results  on  shock  pressures  in  water 
■re  presented  in  Figure  8,  reproduced  from  a  Bureau 
of  Ordnance  report”  Note  that  tho  more  glaring 
the  reflection,  the  lover  the  pressure  which  is  required 
to  cause  the  Mach  effect.  When  a  Mach  reflection  takes 
place,  there  ia  also  an  incident  and  a  rejected  wave 
but  these  do  not  reach  the  surface.  Instead,  there  ia 
a  transition  region  containing  a  wave  running  parallel 
to  the  surface,  called  tho  Mach  “stem,*’  which  con¬ 
nects  the  junction  of  the  incident  and  reflected  waves 
with  the  surface.  Figures  l>  and  10  illustrate  the  dif¬ 
ference  between  regular  and  Mach  intersection  of  two 
shock  waves.”  These  cases  arc  essentially  equivalent 
to  the  reflection  cases  since  the  reflected  shock  wave 
can  be  thought  of  aa  a  second  shock  wave  having  iU 
origin  at  an  “image”  charge  behind  the  rigid  surface. 
Experimentally,  in  this  instance  it  is  easier  to  study, 
intersections  of  two  shock  waves  than  it  ia  to  achieve 
an  ideal  rigid  reflector. 

The  pressure  relatione  are  not  fully  worked  out 
theoretically  for  the  Mach  phenomenon,  which  it  of 
more  importance  in  air  than  in  water  (see  Chapter 
2),  but  it  ia  known  that  the  net  Tesult  may  be  to 
cause  the  pressure  exerted  on  a  surface  to  be  higher 


when  the  wave  strikes  at  an  eagle  Bum  when  U 
approaches  heed-eu.*4 

Moltipl*  Chabow 

The  enhancement  of  certain  parameters  in  the  Mach 
intersection  cone  of  the  shock  waves  from  multiple 
charges  suggests  that  a  given  weight  might  be  more 
effectively  used  under  certain  conditions  if  divided 
into  several  properly  placed  and  initiated  parts.**1** 
Clearly  the  meager  date  now  available  on  thia  whole 
field  should  be  supplemented. 

Ihtbeactton  of  Shook  Wats  wmr  a 
Dsfobhabu  Taboks 

Although*  it  cannot  be  said  that  a  full  exposition 
of  the  phenomenon  occurring  when  a  shock  wave  re¬ 
flects  off  either  a  free  .r  a  rigid  surface  is  available, 
there  is  at  least  a  considerable  body  of  knowledge  re¬ 
garding  these  two  types  of  events.  When  one  considers 
the  effect  of  a  shock  wave  on  a  yielding  surface  each 
aa  the  hull  of  a  ship,  the  situation  ia  much  less  satis¬ 
factory.  If  the  surface  ia  reasonably  stiff,  then  one 
might  use  the  rigid  surface  trr^-aen^  wjiich  would 
yield  e  doubling  of  the  pressure  in  front  of  the  sur¬ 
face.  At  soon  as  the  hull  plating  begins  to  move,  there 
will  be  sent  out  into  the  water  a  rarefaction  wave  be¬ 
cause  the  moving  hull  will  tend  to  pull  the  water  with 
it  Because  of  the  inertia  of  the  metal,  its  motion  may 
continue  after  tho  shock-wave  pressure  has  fallen  to 
a  low  value.  The  rarefaction  wave  sent  out  by  the 


Fiauiuc  10.  Flush  photograph  showing  Mach  inter¬ 
section  ot  two  shock  waves. 
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moving  plate  will  certainly  reduce  the  applied  pres* 
sure  and  may  often  canae  it  to  become  negative.  Thin 
will  be  especially  true  for  a  light,  thin  platei  If  the 
pressure  does  become  negative,  then  csvitadon  will 
follow.  The  appearance  of  cavitation  in  front  of  a 
plate  bring  damaged  by  an  explosive  wave  has  been 
photographically  demonstrated  (see  Figure  II)  and 


Fiocrjs  11.  Flash  photograph  shoving  cavitation 
bubble*  in  front  of  thin  air-backed  diaphragm. 


will  profoundly  modify  the  couroo  of  events.  It  is  auf* 
fleient  to  say  here  that  tho  effects  of  shock  wares  on 
yielding  surfaces  arc  complicated  and  not  thoroughly 
understood. 

Behavior  of  the  Gas  Bubble 

Oscillations  of  tbs  Hubble 
The  gas  bubblo  formed  by  tho  products  of  the  ex¬ 
plosion  will  continue  to  expand  for  a  considerable 
period  of  time  after  the  explosion.  Thua,  for  a  300-lb 
depth  charge  at,  say,  50-ft  depth,  this  time  may  be 
about  0.35  sec.  Consequently  tho  water  which  formerly 
occupied  this  space  ia  moving  outward  during  this 
whole  time  interval  and  w*hen  the  bubble  has  reached 
its  maximum  expansion,  the  total  displacement  of  the 
water  is  very  considerable.  In  tho  example  quoted,  the 
maximum  radius  of  tho  bubblo  would  be  ebout  17  ft 
and  this  figure  represents  the  maximum  displacement 
of  the  water  which  wae  originally  in  contact  with  the 
charge.  This  displacement  ia  very  much  greater  indeed 
than  tt»'  quite  small  displacement  of  the  water  caused 
by  the  p"»sage  of  the  shock  wnvo  itself.  The  division 
of  the  phenomenon  ’uto  two  purls,  a  shock  wav6  and 
then  the  so-called  afior  flow  or  Incon.pressive  flow  of 
the  r  ate;,  ia  an  arb  -  ary  but  very  convenient  division. 
The  phenomena  i'  '.he  shock  wave  itself  arc  most 


closely  related  to  acoustic  theory,  in  which  the  com¬ 
pressibility  of  tha  water  is  the  all-important  factor. 
On  the  other  hand,  the  flow  of  the  water  in  the  later 
stages  is  best  treated  by  the  approximation  of  in  com¬ 
pressive  flow.  One  simply  regards  this  large  mass  of 
water  as  being  pushed  out  by  the  expansion  of  tha 
bubbles 

The  inertia  of  this  large  mare  of  moving  water 
causes  the  expansion  to  go  past  the  point  of  equilib¬ 
rium  so  that  the  pressure  within  tho  gas  globe  falls 
far  below  the  hydrostatic  pressure  at  the  given  point, 
and  tha  size  of  the  gas  globe  increases  to  a  maximum 
value  considerably  in  excess  of  its  equilibrium  value 
at  that  depth.  This  overshooting  phenomenon  will  re¬ 
sult  in  a  subsequent  contraction  of  the  gas  aa  the  hy¬ 
drostatic  pressure  of  the  water  brings  the  outward  flow 
to  rest  and  then  reverses  it  The  water  ihen  flows  into 
the  cavity,  compressing  the  residual  gases  and  again 
the  inertia  of  the  process  carries  the  bubble  past  its 
equilibrium  radius,  so  that  actually  the  gas  bubble 
ia  compressed  down  to  almost  the  size  of  the  original 
charge,  with  a  consequent  building  up  of  the  gaa 
pressure.  This  pressure  increase  eventually  cushions 
the  inflow,  brings  it  to  rest  and  then  reverses  the  flow. 
The  net  result  of  this  Beries  of  events  ia  a  pulsating 
phenomenon.  The  gas  globe  oscillates  in  size,  becom¬ 
ing  larger  and  smaller,  with  a  period  which  ia  very 
considerably  greater  than  the  times  involved  in  the 
shock-wave  phenomena.  For  example,  a  300-lb  depth 
charge  at  50  ft  baa  a  period  of  pulsation  of  approxi¬ 
mately  0.70  sec.  It  is  not  difficult  to  devise  a  simple 
theory  which  yields  a  reasonably  accurate  calculation 
of  the  period  of  the  motion."*'1  By  a  simple  con¬ 
sideration  of  the  law  of  conservation  of  energy,  it  ia 
found  that  the  period  is  governed  by  the  following 
formula: 

T-KW\Z-l, 

where  T  ia  the  period,  IK  tho  charge  weight,  and  Z 
the  depth  of  the  charge  plus  33  ft  The  terra  K.  is  a 
constant  characteristic  of  the  explosive. 

At  the  first  contraction  of  the  gas  globe,  there  is 
a  sufficiently  high  pressure  produced  in  tho  gaa  to 
send  out  another  compression  wave  through  the  water. 
This  compression  wave  differs  from  the  initial  shock 
wave  in  that  the  pressure-time  curve  ia  not  steep- 
fronted  but  ia  more  or  less  symmetrical  with  respect 
to  time.'**’*  The  peak  involved  is  not  nearly  so  high 
aa  in  the  initial  shock  wave  being  oi  the  order  of  Vio 
to  %<>  of  tha-  value,  but  the  duration  of  this  pulse  is 
rather  greater,  with  the  result  that  the  impulse  involved 
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in  the  first  of  these  bubble  pulses  is  of  the  same  order 
or  even  greater  than  that  transmitted  by  the  shock ' 
wave.****  The  successive  bubble  pulses  become  smaller 
and  smaller  so  that  there  is  little  practical  importance 
from  a  damage  viewpoint  in  considering  any  beyond 
the  first.  The  energy  that  ia  originally  present  in  the 
outward  flowing  water,  which  is  of  the  order  of  SO 
per  cent  of  the  chemical  energy,  ia  gradually  converted 
into  heat  by  the  formation  of  vortices  or  radiated  aa 
compreasional  energy  of  the  bubble  pulses.  The  first 
bubble  pulse  may  contain  approximately  5  to  8  per 
cent  of  the  engine!  chemical  energy.  It  is  seen  from 
the  formula  above  for  the  period  that  this  bubble  pulse 
phenomenon  it  a  function  of  tho  depth  below  the  sur¬ 
face  whereas  the  shock-wave  phenomenon  is  not,  ex» 
cept  for  the  surface  cutoff.  The  effect  of  the  depth 
arises  because  the  force  which  causes  the  bubble  to 
cease  its  expeusion  and  go  into  a  contractual  phase 
is  the  hydrostatic  pressure  of  the  water  which,  of 
course,  iacreirv  with  depth. 

Bubble  Migration  Dus  so  Gravity  and 
Effects  or  Surface* 

The  large  cavity  filled  with  the  burnt  gasoa  is  nat¬ 
urally  influenced  by  gravity  and,  in  general,  will  rise 
under  this  force.  Tho  phenomenon  is  more  compli¬ 
cated,  however,  because  thero  is  an  interaction  between 
the  upward  motion  due  to  gravity  and  the  expansion 
end  contraction.  Hydrodynamic  theory  predicts  and 
experiment  verifies  that  tho  most  rapid  upward  mo¬ 
tion  takes  place  when  the  bubble  ia  in  its  contractual 
phase.  When  the  bubble  is  expanding,  the  upward 
motion  ie  relatively  alow,  because  of  the  large  volume 
of  water  which  must  be  displaced  then.  In  the  con¬ 
tracting  phase,  t’no  accumulated  momentum  affects 
smeller  and  smaller  masses  of  water  so  that  the  ver¬ 
tical  velocity  becomes  very  great.  This  rather  com¬ 
plicated  phenomenon  has  a  number  of  important 
applications,  as  will  be  mentioned  later. 

Tho  motion  of  the  bubble  ia  affected  not  only  by 
gravity  but  also  by  the  presence  of  free  or  rigid  sur- 
faces.**1**1**'’*  A  free  surface  causes  a  net  repulsion 
of  the  bubble  which  under  certain  favorable  condi¬ 
tions  may  actually  overcome  tho  effect  of  gravity  and 
drive  the  bubble  downward.  The  dopth  at  which  the 
gravity  rise  is  balanced  by  the  free  surfaco  repulsion 
is  known  as  the  upper  “rest"  position  and  is  realised 
only  for  small  charges.  A  rigid  surface,  on  tho  other 
hand,  attracts  the  bubble,  on  the  average,  particu¬ 
larly  so  that  the  bottom  may  attract  the  bubble  and 
under  special  cases  may  prevent  the  rise  under  grav¬ 


ity  during  the  first  few  oscillations.  Thus  there  will 
also  exist  a  lower  "rest*  position. 

It  it  difficult  to  give  a  simple,  physical  description 
of  the  cause  of  the  attraction  by  a  rigid  surface  and 
the  repulsion  by  a  free  surface,  although  the  effect 
wai  first  predicted  theoretically.1’  Some  indication  o i 
the  mechanism  of  this  effect  may  be  gained  by  remem¬ 
bering  that,  aa  the  bubble  expands  daring  its  oscilla¬ 
tion,  the  water  ia  pushed  away  and  must  flow  some¬ 
where.  If  a  rigid  surface  is  nearby,  the  water  is  pre¬ 
vented  from  flowing  in  that  direction,  to  that  tha 
bubble  ia  first  repelled,  but  as  the  bubble  begins  to 
contract  the  reverse  process  occurs  and  the  bubble 
is  attracted  to  the  rigid  surface  because  water  cannot 
flow  in  from  that  side  directly.  This  explanation  does 
not,  however,  indicate  why  the  attraction  during  the 
contraction  phase  is  larger  than  the  repulsion  during 
the  expanding  phase.**1**  This  difference  ia  related  to 
the  interaction  between  the  oscillatory  motion  and  the 
overall  motion  of  the  bubble  similar  to  the  case  of  the 
interaction  between  gravity  and  the  radial  oscillation. 
This  interaction  causes  the  displacement  of  the  bubble 
to  be  much  more  rapid  during  the  contracting  phase. 

Damage  Dux  to  Bubble  Phenomena 

It  ia  of  great  importance  to  determine  whether  the 
bubble  phenomena  are  important  in  causing  damage. 
In  this  connection  there  are  three  separate  factors 
which  should  be  considered:  (1)  the  preiaure  pulses 
radiated  at  each  minimum  of  the  gas  globe,  (2)  tho 
outward  radial  mass  motion  of  the  water  accompany¬ 
ing  the  expansion  of  the  gas  globe,  and  (3)  tha  up¬ 
ward  mass  motion  of  tne  water  resulting  from  the 
migration  of  the  gas  globe. 

It  has  been  demonstrated  theoretically1’1**  that  the 
pressure  pulse  radiated  by  the  bubble  at  its  minimum 
is  greatest  when  the  bubble  migration  ia  small.  Ac¬ 
cording  to  this  result,  known  as  the  principle  of  stabi¬ 
lization,  underwater  mines  should  be  located  at  the 
rest  position  to  obtain  the  maximum  damago  at  the 
surface  of  the  water  from  the  bubble  pressure  pulse. 
Thus,  for  a  300-\b  charge  the  mine  should  be  moored 
approximately  14  ft  above  the  sea  bed.  However,  pre¬ 
liminary  measurements  with  300-lb  TNT  charges  at 
this  location’*  indicated  the  effect  to  be  very  much 
less  than  predicted.  Evidence  of  damage  due  to  the 
bubble  pressure  pulse  has  been  provided  by  photo¬ 
graphs,  taken  with  a  high-speed  motion  picture 
camera,  of  a  cylinder  being  damaged  by  a  small 
charge.**  Some  of  these  photographs  are  reproduced 
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Fiona*  IX  Photograph  thowing  cylindrical  model  being  damaged  by  explosion  at  depth  of  400  ft.  Number*  under 
photograph*  am  time*  in  milliseconds. 


in  Figure  12.  It  ia  to  be  noted  that  additional  damage 
to  the  cylinder  takes  place  shortly  after  the  bubblo 
reaches  its  minimum  size.  The  bubble  does  not  migrate 
perceptibly  in  these  pictures  because  of  the  large 
hydrostatic  pressure  at  the  depth  of  *’ie  experiment. 
In  general,  however,  where  on  explosion  occurs  under 
a  target,  because  the  g as  bubhle  will  migrate  upward 
b/  as  much  as  IS  ft  (for  COO  lb  of  TNT,  at  about  60-ft 
depth),  the  bubble  pressure  pulse  originates  at  a  point 
which  is  much  nearer  the  target,  and  thus  the  damage 
due  to  the  bubblo  pulse  may  be  comparable  to  that 
caused  by  the  shock  wave.  This  effect  has  been  demon¬ 
strated  on  a  small  6cale,,,,e,,t  by  experiments  in 
which  the  damage  to  diaphragm  gauges  (see  Scct'on 
1.3.2)  directly  above  a  charge  wua  several  times 
greater  than  the  damage  to  similar  gauges  at  the  same 
distance  from  the  charge  but  to  one  side. 

Of  considerable  interest  is  an  anomalously  high 
pressure  lu  the  bubble  pulse  which  has  been  observed 


at  a  depth  of  20  ft  for  300-lb  TNT  charges”  and  at 
a  depth  of  4  ft  for  %-lb  TNT  charges.’*  Bubblo  pres¬ 
sures  at  these  charge  depths  are  at  least  five  times  as 
great  as  those  at  any  other  depths.  The  duration*  of 
this  pressure  pulse  is  relatively  short,  and  the  charge- 
depth  range  over  which  the  phenomenon  was  observed 
was  very  narrow.  No  explanation  for  this  behavior 
can  be  advanced  at  this  time.  It  has  been  suggested 
that  i‘>e  huKhle  gt  these  depths  intersects  the  surface 
at  its  maximum  expansion  and  sucks  in  air.  On  re- 
compression,  a  second  chemical  reaction  may  take 
place  giving  rise  to  additional  energy.  Further  inves¬ 
tigation  is  needed. 

Mention  was  made  of  the  moss  motion  of  the  water 
accelerated  radially  outward  as  the  bubble  expands. 
It  ii  claimed  by  Gorman  investigators  that  this  radial 
mass  motion  of  the  water  is  the  most  important  factor 
in  damaging  targets  at  close  range.  At  greater  dis¬ 
tance  it  is  not  effective  because,  due  to  the  spherical 
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*J"rometry  of  the  system,  the  kinetic  energy  of  the  out- 
tknriag  water  fells  off  u  the  foarth  power  of  the  die* 
tence.  The  maximum  kinetic  energy  of  the  water  is 
very  aimply  related  to  the  cube  root  of  the  period  of 
the  bubble  oscillation.1’ 

In  addition  to  the  radial  motion  of  the  water,  there 
fs  also  an  upward  mass  motion  of  the  water  resulting 
from  the  migration  of  the  gas  <?lobe.  The  upward  mi¬ 
gration,  which  for  300  lb  of  TNT  is  of  the  order  of 
15  ft,  occurs  during  the  very  short  interval  of  time 
when  the  bubble  ia  nearer  its  minimum  size.  Thus  ve¬ 
locities  in  excess  of  100  fps  may  be  realized.  If  one 
visualizes  a  spout  of  water  projected  upward  with  thia 
velocity  and  striking  a  ship,  considerable  damage 
j  might  bo  expected  to  occur.  There  is,  however,  no 
>  direct  evidence  at  present  that  actual  casea  of  ship 
!  damage  can  ba  attributed  to  this  cause. 

I  From  the  preceding  discussion  it  is  apparent  that 
|  much  more  information  must  ba  accumulated  before 
it  will  be  possible  to  assess  the  relatire  importance  of 
!  tho  various  factors  which  may  cause  damage.  The  ex¬ 
perimental  study  is  complicated  by  the  fact  that  the 
bubbla  phenomena,  due  to  their  independence  on  grav- 
,  itv  and  the  effects  of  free  and  rigid  surfaces,  cannot 
be  scaled  in  any  simple  manner. 

117  Surface  Phenomena 

One  of  the  most  spectacular  effects  of  underwater 
explosions  ia  the  surface  phenomena  associated  with 
them.  If  the  charge  is  exploded  at  a  fairly  shallow 
depth,  a  great  maw  of  water  ia  thrown  into  the  air.  The 
;  more  careful  analyst'  of  theso  effects  show  that  they 

;  consist  of  sovernl  parts.  If  the  charge  is  not  too  shal- 

j  low,  the  first  effect  which  is  noticed  is  tho  radial 
spreading  of  a  black  ring,  immediately  followed  by 
the  formation  of  a  "dome”  of  white  spray  thrown 
i  up  off  of  tho  water.  At  a  later  time,  of  the  order  of 
I  seconds  for  3u0-lb  charges,  high  plumea  of  water 
break  through  the  domo  and  rise  to  a  much  greater 
height.  There  may  be  several  separate  plumo  phe¬ 
nomena.  Sometimes  these  plumea  are  black,  as  if  they 
contained  products  of  combustion,  such  as  free  carbon. 
It  is  currently  assumed  on  the  basis  of  very  good  evi¬ 
dence  that  tho  first  effects  are  due  to  tha  arrival  of 
tho  shock  wave  at  the  surface.  This  shock  wave,  as 
mentioned  above,  will  bo  reflected  from  tho  freo  sur¬ 
face  as  a  wave  of  tension.  If  one  plots  the  pressures 
and  tensions  to  be  expected  beneath  the  surfaco  as  a 
function  of  time,  one  sees  that  cavitation  should  occur 
at  a  small  depth  beneath  the  boundary,  thus  essen¬ 
tially  peeling  off  t  layer  of  water.  This  layer  will  pos¬ 


sess  a  considerable  upward  velocity  because  of  the.' 
passage  of  the  shock  wave  upward  and  the  "effected 
shock  wave  downward.  A  simple  calculation  ahowa 
that  if  there  were  no  questions  of  sir  pressure  or  air 
resistance,  this  velocity  would  suffice  to  throw  the 
water  high  into  tha  air,  of  the  order  of  twice  the  dome 
heights  normally  observed.  On  the  other  hand,  if  an 
unbroken  layer  were  actually  peeled  off,  it  could  rise 
only  a  very  few  inches  under  these  same  conditions 
because  of  the  vacuum  underneath  it  and  the  pressure 
of  the  atmosphere  above  it,  forcing  it  down.  It  seems 
likely  that  the  irregularities  always  present  on  the 
surface  cause  thia  layer  to  be  broken  into  droplets 
almost  immediately,  so  that  the  atmospheric  pressure 
has  access  to  the  underside  of  the  broken  layer  and 
therefore  does  not  influence  the  phenomenon  further. 
It  ia  certainly  reasonable  to  assume  that  air  resis¬ 
tance  is  sufficient  to  account  for  the  discrepancy  be¬ 
tween  the  observed  dome  heights  and  those  calculated 
on  this  very  simple  basis. 

The  plumes  presumably  are  masses  of  water  forced 
up  ahead  of  the  rising  bubble.  It  will  be  remembered 
that  during  the  contractual  phase  of  the  bubble’s 
oscillation,  its  rise  under  gravity  is  very  great,  so  that 
the  water  immediately  above  the  bubbla  can  acquire 
a  considerable  upward  velocity.  Ultimately,  the  bubble 
itself  will  break  the  surface,  adding  the  burnt  gases 
and  poeaibly  solid  particles  from  the  reaction  to  the 
material  thrown  upward.  Depending  upon  the  exact 
phase  of  tha  bubble  oscillation  at  the  time  of  the 
breakthrough,  the  plume  may  be  very  high  and  nar¬ 
row  or  spread  out  in  a  sidewise  direction.  If  the  ex¬ 
plosion  is  deep  enough  so  that  several  oscillations  of 
the  bubble  can  occur  before  tho  gases  break  the  sur¬ 
face,  then  the  bubble  pulses  can  also  contribute  their 
own  spray  domes  to  the  picture.  It  has  even  been  ob¬ 
served  that  two  Geparato  domes  can  occur,  presumably 
duo  to  tho  sidewise  migration  of  the  bubble  on  its  up¬ 
ward  path  due  to  special  circumstances.  The  first 
dome,  in  this  case,  would  come  from  shock  wave  and 
the  second  oue  from  tho  first  bubble  pulse. 

When  charges  oro  very  deep,  of  the  order  of  100 
ft  multiplied  by  the  cubo  root  of  the  weight  in  pounds, 
the  obviously  visiblo  surface  effects,  except  for  the 
ultimato  coming  to  the  surface  of  the  broken-up  gaa 
globe,  bccomo  increasingly  difficult  to  detect.  It  has 
been  claimed  that  this  depth  is  critical  and  ia  a  mea¬ 
sure  of  tire  strength  of  tho  water  to  resist  the  tension 
wave  but  it  seems  more  likely  in  the  light  of  other 
experiments  that,  if  the  surface  were  rough  enough 
and  the  phenomenon  observed  with  a  high-speed 
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camera,  then  would  be  some  effect  at  almost  any 
depth.  The  possible  absence  of  an  effect  with  a  smooth 
surface  may  be  due  to  the  inability  of  the  cavitated 
surface  layer  to  break  into  droplets  under  these  con¬ 
ditions.  Huch  more  study  would  be  required  to  settle 
these  points  definitely, 

A  knowledge  of  the  mechanism  of  the  various  sur¬ 
face  effects  is  important  for  a  number  of  indirect  ap¬ 
plications,  such  as  the  measurement  of  the  shock-wave 
pressure,  as  will  bo  seen  later.  It  should  be  stated, 
however,  that  the  height  of  the  surface  plumes  and 
other  observed  phenomenon  should  not  be  interpreted 
in  terms  of  the  power  of  the  explosive  or  the  depth 
of  the  charge  without  very  careful  consideration  of 
the  detailed  physics  of  the  phenomenon.  Otherwise, 
quite  misleading  results  can  be  obtained.  The  use  of 
surface  effects  to  determine  the  depth  of  an  under¬ 
water  explosion  will  be  discussed  in  more  detail  later. 

Underwater  Cratering 

A  charge  exploded  on  the  ocean  bottom  will  pro¬ 
duce  a  crater  the  dimensious  of  which  will  be  a  func¬ 
tion  of  the  size  of  the  charge/the  nature  of  the  explo¬ 
sive,  the  depth  of  the  water,  and  the  hardness  of  the 
bottom.  Not  very  much  quantitative  information  is 
available  for  predicting  underwater  crateritfg,  hut 
somo  experimente'4**4  indicate  that,  roughly,  a  crater 
of  approximately  5.8  cu  ft  per  pound  of  TNT  can  be 
expected  on  a  sand  or  mud  bottom.  Naturally,  a  rocky 
or  hard  bottom  will  give  considerably  less  cratering. 
This  cretering  effect  is  important  practically  because 
little  damage  is  done  to  messivo  underwater  obstacles 
outside  of  the  crater  produced  by  an  explosion.  Cra¬ 
tering  is  more  effective  if  the  explosive  is  covered  by 
a  sufficient  depth  of  water.  This  is  to  bo  expected  be¬ 
cause  otherwise  there  is  a  very  great  loss  of  energy 
iuto  the  air.  The  scaling  laws  described  above  seem 
to  hold  at  least  approximately  for  these  cratering 
phenomena.  It  is,  of  course,  necessary  that  tho  sea  bed 
bo  reasonably  homogeneous.  With  this  caution  in 
mind,  a  rough  estimate  can  be  made  by  assuming  that 
the  volume  is  proportional  to  the  charge  weight  and 
■  he  dimensions  proportional  to  the  cube  root  of  tho 
charge  weight  under  conditions  where  the  depth  of 
water  is  likewise  proportional  to  the  cube  root  of  the 
charge  weight 

\x*  Surface  Waves 

Another  effect  of  an  underwater  explosion  which 
is  closely  related  to  the  surface  phenomenon  described 
above  is  the  production  of  surface  water  waves.  The 


expansion  of  the  gas  bubble  and  its  rise  under  gravity 
displaces  a  considerable  volume  of  water  npw&rd, 
leading  to  surface  waves  spreading  ont  from  a  point 
above  the  explosion.  It  cannot  be  said  that  ordinary 
exploaivea  are  very  efficient  producers  of  such 
waves,*'***  the  energy  going  into  them  being  s  small 
fraction  of  the  chemical  energy.  Nevertheleea,  it  ia  pos¬ 
sible  with  large  explosions  to  produce  waves  having 
sufficient  height  to  be  useful  for  certain  purposes. 

Tho  use  of  pressure-operated  mines  by  the  Germaut 
resulted  in  an  extensive  investigation  of  the  produc¬ 
tion  of  surface  waves  by  conventional  explosives. 
Such  waves  will  cause  pressure  variations  at  the  bot¬ 
tom  which  might  be  regulated  so  as  to  activate  these 
mines.  A  fairly  elaborate  mathematical  theory  of  the 
production  of  surface  waves  was  developed5**40*41  and 
tested  experimentally.”*"*4*  The  theory  was  based 
on  incompressive  hydrodynemics  and  treat'd  the  ex¬ 
plosion  as  an  ideal  source.  The  effect  of  the  bottom 
and  of  the  free  surface  was  taken  into  account  by  the 
use  of  image  sources  and  a  perturbation  treatment 
In  order  to  get  numerical  results,  it  was  assumed  that 
the  bubble  reached  a  fixed  effective  volume  instantly, 
remained  constant  during  the  bubble  period,  and  then 
collapsed  instantly  to  zero  volume.  In  comparing  tho 
results  of  the  theory  with  the  rather  scanty  experi¬ 
mental  data,  it  waB  found  desirable  to  use  au  empiri¬ 
cally  determined  effective  bubble  volume,  iu  order  to 
secure  a  good  fit  with  experiment  More  experimental 
data  would  be  necessary  in  order  to  determine  the 
limits  of  accuracy  of  this  theory. 

It  was  found  that  in  order  to  get  waves  of  more 
than  a  very  few  inches  in  amplitude  at  distances 
greater  than  1,000  ft  tremendous  charges  are  neces¬ 
sary.  Furthermore,  these  arc  more  efficient  if  they  are 
divided  into  a  large  number  of  smaller  charges  spread 
over  a  greater  area.  The  reason  for  this  is  that  tire 
large  lump  charge  produces  a  gas  bubble  whoso  diam¬ 
eter  is  greater  than  the  depth  of  the  water  under  most 
circumstances  where  these  mines  would  bo  of  interest. 
Consequently,  a  tremendous  amount  of  energy  is  lost 
by  venting  to  the  atmosphere,  whereas  if  tho  charge 
is  divided  into  a  large  number  of  smaller  charges  each 
of  these  has  a  gas  bubble  which  will  not  immediately 
vent.  The  waves  also  seem  to  be  larger  and  it  is  rea¬ 
sonable  to  expect  they  would  be  if  the  charge  is  placed 
sufficiently  deep. 

lA1°  Comparison  of  Explosives 

One  of  the  principal  functions  of  UERL  was  the 
comparison  of  different  explosives  for  effectiveness  in 
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underwater  weapons.  Tests  were  also  frequently  made 
to  prove  that  minor  changes  in  composition  of  pro* 
duction  fillings,  especially  of  the  desensitizer  oompo* 
nent,  had  no  detrimental  effect  on  explosive  power. 
Early  in  the  development  of  the  laboratory,  it  was 
realized  that  production  and  loading  techniques  were 
important  factors  in  determining  the  weapon  per* 
forma  nee.  It  was  decided,  therefore,  to  develop  instru* 
mentation  applicable  to  testing  the  various  weapons 
at  full  scale. 

For  this  purpose  the  76-ft  wooden  fishing  schooner. 
Reliance,  was  equipped  as  a  floating  laboratory.44 
Because  of  its  reasonably  clear  deck  space  and  ade* 
quato  booms,  it  haa  proved  very  well  adapted  to  ban* 
dling  the  heavy  gear  required  for  positioning  the 
charge,  gauges,  cables,  etc.,  for  each  shot.  Electronic 
equipment  for  recording  the  piezo  gauge  signals  was 
compactly  ii stalled  in  one  hold.  The  other  hold  served 
as  a  work  shop  for  mechanical  gauge  maintenance. 

The  full-scale  service  weapons  used  in  most  testa 
were  loaded  at  the  Naval  Mine  Depot,  Yorktown, 
Virginia.  When  the  pilot  loading  unit  at  Yorktown 
was  completed  and  placed  in  charge  of  spc-cial  officers, 
it  became  possible  to  get  very  detailed  data  on  the 
individual  test  weapons.  This  was  found  to  be  cssen< 
tial  to  the  proper  interpretation  of  the  Reliance 
measurements. 

Tho  teats  were  usually  conducted  in  Vinoyard 
Sound,  where  water  of  about  80-ft  depth  ia  available 
in  several  areas.  The  charge  und  gauges  were  set  over* 
board  by  the  Reliance  crew  so  as  to  be  strung  out  at 
known  distances  apart  at  a  uniform  depth,  usually 
40  ft.  This  was  accomplished  by  uao  of  a  6ea  anchor 
applying  tension  to  the  gauge  line,  which  was  sup¬ 
ported  at  appropriate  places  by  surface  floats,  the 
Reliance  being  headed  into  the  tidal  current. 

A  typical  layout,  as  shown  in  Figure  13,  contained 
up  to  eight  tourmaline  piezoelectric  gauges  at  various, 
distances  from  the  charge,  each  with  its  own  electric 
cablo  to  the  vessel.  In  addition,  a  large  uumber  of  ball 
crusher  gaugea  and  smnller  numbers  of  Modugno  and 
diaphragm  gauges  (see  Section  1.4)  were  mounted 
along  the  main  spacer  cable.  Several  piston-type 
momentum  gauges  were  also  used.  The  charge  waa 
fired  with  an  electric  cable  when  all  the  gear  had  been 
put  in  position.  The  explosiou  would  sever  the  gear 
into  two  portions  (ace  Figure  13),  the  stemmost  por¬ 
tion  being  cut  loose  from  the  vessel,  After  retrieving 
the  forward  portion  of  the  gear,  the  Reliance  then 
turned  and  picked  up  the  rear  set  of  buoya,  gauges, 
etc.  Although  occasional  trouble  due  to  danage  of 


floats  waa  encountered,  in  general  the  Reliance  waa 
able  to  make  one  or  more  shots  every  da;  as  a  matter 
of  routine. 

The  success  of  this  type  of  work  depended  entirely 
upon  the  quality  of  the  personnel  involved  and  their 
strict  adherence  to  the  necessary  precautions.  Experi¬ 
ence  on  the  part  of  the  scientific  staff  demonstrated 
that  meticulons  care  in  the  handling  of  all  types  of 
gaugea  was  required  in  order  to  secure  accurate  and. 
reproducible  results.  The  crew  of  the  Reliance  waa 
very  conscientious  in  carrying  out  instructions  re¬ 
ceived  from  the  scientific  staff  and,  of  course,  there 
were  always  several  scientists  on  board.  It  would 
hare  been  impossible  to  do  tbia  type  of  work  success¬ 
fully  with  a  crew  which  changed  from  day  to  day 
or  which  was  not  entirely  conscientious  in  performing 
its  duties.  The  captain  of  the  Reliance  commanded 
and  coordinated  the  gear-setting  operations,  after 
which  the  scientific  personnel  conducted  their  work. 
The  captain  was  directly  responsible  to  a  research 
supervisor  in  charge  of  the  Reliance  program. 

A  considerable  number  of  different  explosives  were 
compared.4***1  The  quantities  measured  were  the  peak 
pressure,  impulse,  and  energy  flux  in  the  shock  wave 
aa  given  by  tho  piezoelectric  gauges,  the  relative  peak 
pressure  aa  estimated  from  tho  mechanical  gauges, 
and  the  relative  impulse  as  estimated  with  the  piston- 
type  momentum  gauges.  Table  3  allows  the  average  re- 


T\blf.  3.  Results  of  explosive  comparisons  relative  to 
TN*T  for  constant  volume  of  explosive. 


Explosive* 
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ratio 

Impulse 
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Energy 
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Torpex-2 

1.71 

1.16 

1.27 

1.6S 

HBX 

l.«5 

1.13 

1.25 

1.45 

M'.coM 

i.et 

1.0S 

1.2* 

1.40 

Trltousj 

1.70 

1.05 

1.1* 

1.1# 

rtDX-Comp.-B 

1.60 

1.10 

1.0* 

1.21 

TNT 

1.65 

(1.00) 

(1.00) 

(1.00) 

-  Bat  Ttblt  1  tar  cotapotUlae  at  esplwSvtt. 

suits  of  these  explosive  comparisons.  In  moat  cases, 
tht:c  numbers  are  averages  over  a  fairly  large  number 
of  different  types  of  service  weapons  sucb  as  the  Mark 
6  depth  charge,  Mark  64  depth  bomb  and  tho  Mark  18 
aerial  mine.  The  ratios  of  peak  pressure  are  probably 
correct  to  2  or  3  per  cent.  The  various  measurements 
on  each  different  explosive  have  been  reduced  to  a 
common  density  for  that  explosive,  since  the  perform¬ 
ance  is  a  function  of  density  of  loading.  The  outstand¬ 
ing  result  of  thesr  investigations  is  the  establishment 
of  the  importance  of  aluminum  as  a  constituent  of 
military  explosives.  This  fact  waa  well  appreciated 
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and  utilised  by  both  the  German*  end  the  British** 
quite  early  in  the  war.  Argument*  ea  the  beaie  c t 
oxygen  balance  give  very  misleading  results.  For  ex* 
ample,  TNT  is  oxygen  deficient  from  this  viewpoint, 
so  that  the  addition  of  aluminum  to  TNT  makes  the 
oxygen  balance  very  much  worse.  Nevertheless,  this 
addition  i  'reuses  the  performance  of  TNT.  The  rot* 
eon  for  tms  is  the  very  great  energy  release  when 
aluminum  combines  with  oxygen.  This  energy  is  so 
large  that  it  is  advantageous  to  rob  the  carbon  of 
oxygen  and  give  this  oxygeu  to  the  aluminum,  even 
when  there  is  not  euough  oxygen  to  convert  all  the 
carbon  to  carbon  dioxide.  There  seems  to  bo  no  good 
evidence  that  the  water  is  involved  appreciably  in  the 
reaction  as  has  been  sometimes  suggested.  The  pos¬ 
sibility  of  the  reaction  of  water  during  an  explosion 
could  conceivably  be  settled  by  making  especially 
smooth  spherical  charges  and  comparing  their  power 
with  chargee  having  rough  surfaces.  When  the  surface 
is  smooth,  the  gas  globe  also  is  very  smooth,  whereas, 
with  a  rough  charge  surface  there  is  some  tendency 
for  Munroe  jet  action  to  reproduce  irregularities  in 
the  gas  globe.  With  s  smooth  gas  globe,  it  is  very  hard 
to  see  how  sufficient  mixing  could  take  place  for  tha 
water  to  enter  the  reaction  to  any  great  extent. 

Torpex  was  the  most  powerful  of  the  explosives 
actually  usod  in  any  appreciable  quantity.  However, 
it  is  probably  somewhat  more  sensitive  than  is  desir¬ 
able  in  a  military  explosive.  For  this  reason,  following 
certain  British  work,  HBX  was  developed  by  th« 
Bureau  of  Ordnance  in  coopontion  with  Divisions  8 
and  2  of  NDRC.  HBX  consisted  essentially  of  torpex 
with  5  per  cent  of  a  dc3cnsitizer  added  (see  Table  1). 

Unfortunately,  no  general  agreement  has  been 
reached  as  to  whether  it  is  peek  pressure,  impulse 
energy,  or  bubble  energy  which  is  the  determining 
property  of  on  underwater  explosion  for  producing 
damage.  Consequently,  there  is  the  possibility  that 
two  explosives  might  bo  tested,  one  of  which  was  supe¬ 
rior  in  one  respect  and  another  in  another  respect.  On 
the  basis  of  present  information,  it  would  be  difficult 
to  moke  a  decision  between  such  a  pair  of  explosives. 
Fortunately,  no  such  dilemma  arose  with  the  materials, 
which  wore  under  consideration  during  the  war.  In 
most  cases,  the  more  powerful  explosive  as  rated  by 
one  quality  also  ranks  higher  in  all  of  the  other 
qualities  at  the  same  tima.  This  is  not  necessarily  true. 
And  evidence  of  deviations  from  this  rule  are  seen  in 
the  table. 

It  will  be  noted  that  ratios  of  peak  pressures  for  the 
commonly  used  explosives  range  up  to  about  1.18. 


It  may  well  be  asked  whether  a  18  per  cent  improve¬ 
ment  in  peak  pressure  is  worth  striving  for.  Tha  im¬ 
portance  of  this  18  per  cent  improvement  iray  he 
made  more  striking  by  considering  the  volume  within 
which  the  peak  pressure  exceeds  a  certain  minimum 
amount.  This  volume  will  be  approximately  60  par 
cent  greater  for  the  explosive  which  has  18  per  cent 
higher  peak  pressure  at  equal  distances.  To  achieve 
such  an  improvement  is  worth  a  considerable  effort 
from  a  military  viewpoint. 

The  testing  procedures  described  above  were  exten¬ 
sively  used  daring  World  War  IT  at  TTRUr,  *nd  the 
results  were  in  pert  responsible  for  the  extensive  use 
of  torpex  and  HBX  as  aircraft  depth-bomb  fillings. 
In  attacks  against  submarines  the  important  factor 
in  explosive  effectiveness  is  the  range  at  which  the 
weapon  is  capable  of  disabling  or  sinking  the  sub¬ 
marine.  For  260  lb  of  torpex,  the  rango  for  sinking 
appears  to  have  been  20  ft  or  more  in  attacks  against 
most  types  of  submarine  encountered.  Comparison  of 
shock-wave  parameters  at  20  and  30  ft  thus  provides 
a  reasonable  basis  for  assessing  explosive  effecthenea* 
for  this  purpose. 

On  tha  other  hand,  there  is  a  certain  amount  of 
evidence  that  only  about  half  as  much  torpex  as  TNT 
is  required  to  produce  equivalent  damage  ir.  the  cast 
of  coutact  explosions.  As  discussed  in  Section  1.2.6, 
this  would  seem  to  support  the  view  that  the  mass 
flow  of  water  against  tha  target  was  the  important 
factor  for  damage  close  to  the  charge.  The  energy 
available  by  this  mechanism  is  related  to  the  gas 
bubble  energy  which  in  turn  is  proportional  to  the 
cube  of  the  bubble  period.  In  fact,  most  German  com¬ 
parisons  of  explosives  were  based  upon  rclatire  bubble 
period  measurements.  Since,  on  an  equal-volume 
basis,  the  bubble  period  for  torpex  is  1.22  times  that 
of  TNT,  the  effectiveness  of  torpex  in,  for  example, 
a  contact  torpedo  war  head,  would  be  estimated  to  be 
about  1.8  times  that  of  TNT.  The  preference  on  tbs 
pert  of  most  American  submarine  commanders  for 
torpex  war  heads  can  be  readily  understood  on  the  basis 
of  this  difference. 

It  is  interesting  to  note  that  the  radically  different 
German  and  American  procedures  lor  compr riaon  of 
explosive*  were  probably  valid  aud  justified  consider, 
ing  the  prime  use  with  which  each  side  was  concerned. 
Tbs  Germans  were  concerned  with  contact  or  near- 
contact  weapons  for  use  against  shipping  and  the 
Americans  with  maximum  lethal-range  depth  bombs 
for  use  against  submarines. 

Bubble  period  measurements  were  made  at  UEBL 
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on  small  scale  (ii-lb)  charges  of  tetryl,  TNT,  and 
torpex  and  on  large  scale  (250-lb)  charges  ol  TNT 
and  mind.  The  results  were  not,  however,  considered 
in  connection  with  explosive  comparisons.  . 

1X11  Importance  of  the  Use  of 
Statistical  Methods 

The  problem  of  comparison  of  explosivea  discussed 
above  ia  an  illustration  of  a  type  of  situation  often 
encountered  where  statistical  analysis  of  experimental 
data  is  highly  important.  In  many  basic  measure¬ 
ment*,  experiments  can  be  performed  with  such  pre¬ 
cision  that  little  consideration  of  statistical  questions 
is  necces&ry,  but  often  in  practical  problems,  especial¬ 
ly  in  the  comparison  of  explosives,  all  measurement! 
cannot  be  performed  with  as  high  a  degree  of  accuracy 
aa  would  be  desirable.  This  is  due  to  the  fact  that  it 
may  be  difficult  to  recognize  and  control  all  the  fac¬ 
tors  which  might  influence  the  measurements.  In  de¬ 
ciding  whether  a  new  type  of  explosive  ia  really  supe¬ 
rior  to  older  types,  one  should  bear  in  mind  that  ser¬ 
vice  weapons  loaded  by  normal  procedures  are  not 
absolutely  uniform  and  reproducible.  For  example, 
the  weight,  density,  and  quality  of  the  cast  explosive 
is  noticeably  variable.  Therefore,  it  is  obviously  dan¬ 
gerous  to  base  decisions  on  the  measurements  of  a 
small  number  of  charges.  Furthermore,  even  when  a 
sufficient  number  of  experiments  have  been  carried 
out,  a  careful  statistical  treatment  of  tho  data  ia  de¬ 
sirable  in  order  to  determine  the  degree  of  confidence 
which  can  be  associated  with  the  result's.  There  are  a 
number  of  basic  principles  which  are  applicable  to 
the  problem  of  explosive  evaluation.**-*4 
The  first  principle  is  that  controls  should  always 
be  used.  That  is  to  say,  in  any  scries  of  experimeuta 
in  which  new  materials  or  new  methods  are  being 
tested,  there  should  be  an  ample  number  of  tests  on 
standard  materials  or  methods.  Thus,  in  testing  ex¬ 
plosives  at  UERL,  charges  of  TNT  were  always  in¬ 
cluded  in  each  scries,  so  that  any  variation  of  the  test 
conditions,  duo  to  any  cause  whatsoever,  which  might 
change  the  absolute  level  of  the  pressures,  impulses, 
etc.,  would  at  least  largely  cancel  because  ratios  of 
these  quantities  to  the  corresponding  quantities  for 
TNT  were  always  employed.  In  many  cases  the  per¬ 
sona  responsible  for  instrumentation  may  feel  highly 
confident  that  they  have  brought  under  control  all  the 
variables  which  influence  the  result  appreciably  and 
that  It  ia,  therefore,  unnecessary  to  employ  controls. 
Experience  has  almost  universally  shown  that  this  is 


not  a  safe  procedure  and  that  unknown  forces  of  vari¬ 
ation  are  very  likely  to  appear,  even  with  teat  method* 
which  have  been  highly  developed  and  long  used.  For 
example,  at  UERL  the  diaphregm  gauges  mentioned 
above  were  developed  quite  early  to  a  state  of  high 
reproducibility.  After  several  months’  use  of  this 
gauge,  a  sudden  shift  in  values  occurred  which  proved 
very  difficult  to  locate.  A  long  search  located  the 
trouble  as  due  to  a  change  in  the  grade  of  lumber 
supplied  for  making  the  frames  to  hold  the  gauge*. 
Aa  *  result  of  this  experience,  controls  were  rigidly 
required  thereafter  in  all  testa. 

A  secuud  basic  principle  is  that  the  controls  and. 
tide  test  specimens  should  bo  measured  under  as  nearly 
identical  conditions  aa  possible.  This  normally  in¬ 
volves  testing  them  at  close  intervals  of  time,  because 
it  is  very  difficult  to  reproduce,  after  a  long  interval, 
all  the  conditions  which  initially  existed.  It  was,  there¬ 
fore,  a  standard  practice  at  UERL  to  test  explosives 
in  strings.  That  is,  a  number  of  different  explosives, 
including  TNT  as  a  standard,  were  tested  either  the 
same  day  or  on  successive  days  with  the  same  equip¬ 
ment  and  methods.  Furthermore,  the  order  in  which 
the  different  materials  wore  fired  was  chosen  by 'lot 
so  as  to  minimize  any  possible  effect  of  systematic 
changes  of  various  variables  with  time.  For  example, 
if  every  day  the  explosives  in  a  string  had  been  fired 
in  the  same  order,  it  might  have  been  possible  for  * 
systematic  error  to  enter  because  the  temperature  was 
always  colder  tho  first  thing  in  the  morning  than  later. 
Because  the  accuracy  of  the  measurements  and  the 
reproducibility  of  charges  were  not  auffleient  to  make 
one  measurement  ot  each  substance  adequate,  the 
strings  were  repeated  a  numbor  of  times,  in  each  of 
which  the  order  was  chosen  independently  by  lot 
The  number  of  strings  required  waa  calculated  in 
advance  by  standard  statistical  methods  on  tho  basis 
of  the  expected  precision  of  the  individual  measure¬ 
ments  and  the  desired  overall  accuracy. 

In  carrying  out  these  repetitions  to  the  strings, 
another  principle  was  employed.  Since  the  conditions 
under  which  explosives  are  used  in  practice  are  ex¬ 
tremely  variable,  it  is  not  sufficient  to  moke  teats 
under  only  one  set  of  conditions.  Thus  it  was  at  least 
conceivable  in  advance  of  the  experiments  that  the 
relative  merit  of  two  explosives  might  be  a  function 
of  the  distance  from  the  charge,  the  sizo  or  shape  of 
the  charge,  etc.  Since  it  was  desired  to  obtain  an  over¬ 
all  answer  to  the  question  of  how  much  better  an 
explosive  X  is  than  TNT,  the  experiments  had  to  be 
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performed  over  a  range  of  conditions.  Therefore,  in-  si  hie  for  the  various  explosive  compositions,  email 
aofar  as  it  tu  feasible,  each  airing  eras  measured  errore  in  the  abeolnte  calibrationa  tended  to  eanoaL 
.under  somewhat  different  condition*  although,  of  Neverthdeas,  considerable  effort  tu  expended  to  pen¬ 
ce  am,  every  shot  inside  a  given  string  was  carried  feet  the  instrumentation  so  as  to  yield  absolute  values 
out  under  the  same  conditions.  From  string  to  string,  of  the  shock-wave  parameters  because  of  their  im- 
some  variable  was  changed  which  was  not  expected  portanee  in  studies  of  damage  prooeaeee. 
to  cause  sny  shift  b  the  relative  effect! venece  of  the  Figures  14,  IS,  and  It  give  the  pcaV  pressure,  hK 
explosive.  By  proceeding  b  this  way  it  was  possible  pulse,  end  energy  flux  respectively  for  charges  of 


to  determine  the  effect  of  such  variables.  Tie  ratios 
of  exploriTt  performance  obtained  in  the  different 
strings  could  still  be  averaged  together  to  get  an 
overall  avenge  ratio  applicable  to  the  range  of  con¬ 
ditions  employed.  The  average  would  be  more  accurate 
and  reliable  than  the  results  of  any  individual  string. 

A  fourth  principle  was  to  choose  by  lot  the  values 
of  any  presumably  unimportant  variables  which  could 
not  bo  controlled  from  measurement  to  measurement. 
For  example,  in  using  the  diaphragm  gauges,  the  steel 
plates  could  be  used  only  once  and  the  plates  as  re¬ 
ceived  from  the  manufacturer  might  have  been  ar¬ 
ranged  in  an  order  leading  to  a  systematic  variation  of 
thickness  or  strength  from  one  plate  to  the  next.  The 
plates  of  each  lot  were  thoroughly  shuffled,  so  that 
any  accidental  variations  would  enter  the  results  as 
random  error  and  not  as  a  systematic  error,  tending 
to  falsify  the  conclusions. 

Every  effort  was  mads  to  avoid  aubjecUve  errors. 
Frequently  the  explosive  being  tested  was  identified 
only  by  number,  eo  that  those  carrying  out  the  teats 
and  analyzing  the  results  would  not  know  the  iden¬ 
tity  of  the  materials.  Thus  there  woa  little  chance  of 
*  the  subconscious  influence  of  prejudice  on  the  answer. 
The  frequency  with  which  prejudice  unintentionally 
influences  the  results  of  scientific  experiments  is  not 
sufficiently  appreciated. 

Considerable  attention  was  paid  to  the  estimation 
of  experimental  errors  from  the  data  itself.  Gaugu 
were  normally  used  in  pairs,  to  that  tho  differences 
between  members  of  a  pair  when  averaged  over  many 
experiments  would  give  a  good  estimate  of  the  reli¬ 
ability  of  a  gauge.  In  thia  way,  a  decision  could  be 
made  on  the  basis  of  a  standard  statistical  argument 
as  to  whether  s  given  observed  difference  between  two 
explosives  was  likely  to  be  real  or  merely  the  result 
of  experimental  error. 

Absolute  Values  of  Shock-Wave 
Parameters 

Since  the  explosive  comparison  experiments  were 
eo  designed  that  ratios  were  obtainable  from  identical 
gangea  under  conditions  as  nearly  the  same  u  pos- 


Fiotraa  14.  Plot  of  P  versus  W*/R  for  spherical 
cast  TNT. 


TNT  as  functions  of  W*/R.  Over  the  range  of 
these  measurements,  the  shock-wave  parameters  are 
represented  with  fair  accuracy  by  the  following  linear 
equations 

Peak  pressure  P  =  2.12  x  10* 


/  Wi  \ass 

Impulse  1  —  1.46lF*f  — -  J  psi-eec, 

where  W*/R  ia  expressed  in  Ibtyft  Impulse  and  energy 
flux  are  calculated  to  the  time  t  =  6.70  sec  only,  i.e., 
6.7  times  the  time  constant  of  tho  shock  wave.  The 
energy  factor  given  here  is  calculated  on  the  acoustio 
approximation 

B  S  _L  j  P*dt 

where  p  is  the  density  and  c  the  velocity  of  sound 
for  sea  water. 


/  tpi  \i.Cf 

Energy  flux  E  =  2.40x  10*W*f - j  pal-in, 
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Tha  trua  energy  Sox  would  include  terme  for  the 
finite  amplitude  efiect"  end  for  the  mass  motion  cl 
the  wafer  rtdially  outward  from  the  charge  surface 
(aee  Section  1.2.8).  At  the  distances  from  the  charge 
over  which  these  equations  are  intended  to  apply, 


wV* 

Fiauma  15.  Plot  of  //IT*  v«*u*  W*/R  for  gpheriosl 

out  TNT. 

neglect  of  those  factors  does  not  seriously  invalidate 
the  results.  Experimental  data  is  not  yet  available 
which  would  make  possible  the  evaluation  of  the  total 
energy  flux  over  a  complete  bubble  expansion. 

Procedures  employed  to  overcome  various  difficult 
ties  encountered  in  attempts  to  establish  the  absolute 
level  of  the  piczoeloctrlo  results  are  described  in  Seo- 
tion  1.4.1.  By  tbe  end  of  World  War  II  it  was  be* 
lieved  that  the  controlling  factor  in  limiting  the  pre¬ 
cision  of  the  absolute  values  was  the  difficulty  of  ob¬ 
taining  precise  determinations  of  the  piezoeloctrio 
constant  of  the  tourmaline  gauges.  In  principle,  this 
calibration  should  bo  carried  out  under  conditions 
closely  approximating  those  in  tbe  ehock  wave  being 
measured.  Since  a  calibration  of  thla  type  is  extreme¬ 
ly  difficult  to  accomplish,  several  independent  methods 
of  estimating  shock-wave  peak  pressures  were  em¬ 
ployed  to  test  the  reliability  of  the  piezoelectric 
results. 

1.  For  four  shots  in  which  it  was  used,  the  optical 
distortion  method  described  in  Section  1.4.3  gave 
pressures  which  were  approximately  10  per  cent 
greater  than  those  measured  by  the  piezoelectric 
gauges.  Unfortunately,  sufficient  work  was  not  done 


to  determine  the  accuracy  of  this  method. 

L  A  second  duck  which  has  the  advantage  of  aim* 
piiaty  was  provided  by  the  measurement  of  the  veloc¬ 
ity  of  rise  of  the  spray  dome  from  the  surface  above 
an  explosion.  Tbe  pressure  P  at  any  point  in  the 
water  is  related  to  the  propagation  velocity  of  the 
shock  wave  U  and  the  p article  velocity  «  by  the 
simple  eqnetioa 

where  p  is  the  density  of  the  water.  Values  of  the 
shock-wave  propagation  velocity  V  are  shown  in 
Figure  1?.M  It  has  beau  shown,K:*  that  to  a  good 
approximation  u  =  Vfi,  where  F  is  the  velocity  of 
rise  of  the  spray  dome.  The  factor  Vi  enter*  because 


Fiona*  IS.  Plot  of  E/W^vtnu*  W^/ft  for  spLeHeal 
cast  TNT. 
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the  reflected  rarefaction  wave  double*  the  upward 
Telocitj  of  the  epray.  The  litter  ni  manured  by 
mean*  of  a  high-speed  streak  camera.****1  Table  4 
shows  a  comparison  of  the  pressures  obtained  by  this 
method  with  the  coneeponding  piezoelectric  gauge 
values. 


Tablx  4.  Cbmpartioa  of  pressura*  from  dome 
velocity  and  pieiaeieotrie  (aug*  measurement*  tor 
TNToharta*. 


Chart*- 

Dlatane* 

Prassur*  (p*l> 

wsltht 

to  chart* 

By  dom* 

By  plcio- 

(lb> 

<tt> 

▼•loetty 

electric  taut* 

8.07 

4.00 

T.MO 

7,800 

8.68 

4.00 

*480 

8.100 

3.  The  ball  crusher  gauge,  described  in  Section 
1.4.2,  provided  a  further  check  on  the  absolute- 
pressure  level  of  the  piezoelectric  gauges.  Pressures 
obtained  with  the  ball  crusher  gauge  on  300-lb  charges 
were  in  agreement  with  t'uo  piezoelectric  gauge  values 
to  within  ±5  per  cent 

4.  Only  a  very  rough  check  was  made  by  measure¬ 
ment  of  the  propagation  velocity  of  tho  shock  wave 
U.  From  the  Rankine-Hugoniot  conditions  (see  Sec¬ 
tion  1.2.13)  and  an  equation  of  state  for  water,*4*** 
the  following  approximate  relation  valid  to  a  pressure 
of  approximately  20,000  psi  may  bo  dorived; 

U-c 

=  (5.4  3. 10~*)P . 

The  pressure  is  thua  directly  dependent  on  the  quan¬ 
tity  U—e  which,  except  at  very  high  pressure*,  is 
small  aud  therefore  difficult  to  maasurs  experimentally 
with  the  required  accuracy. 

5.  An  additional  check  on  tho  calibration  of  the 
piezodectrio  gauges  was  duo  to  tho  reciprocity  calibra¬ 
tion  method  developed  it  tbo  TJnderwator  Sound  Itof- 
cronce  Laboratory  [U811L]  of  Division  8,  NDRC,° 
Some  tourmaline  gauges  of  tho  typo  used  for  tho 
underwater  explosion  measurements  were  calibrated 
by  this  method  and  gave  values  in  good  agreement 
with  thoso  obtained  by  tho  usual  static  calibration 
methods. 

ixu  Theoretical  Studies  of  Shock-Wave 
Propagation  and  Intensity 

Relation  between  Peas  PnEsscns  and  Velocity 
ov  Fbopaqation  op  Shock  Waves 

The  velocity  of  propagation  of  a  shock  wave  depends 
upon  its  peak  pressure  in  a  way  that  can  be  calculated. 
This  velocity  is  higher  than  tho  velocity  of  sound 


when  the  peak  pressure  is  high  hut  approaches  the 
velocity  of  sound  as  the  peak  pleasure  decreases.  The 
mathematical  relationship  it  based  ou  the  laws  of 
conservation  of  matter,  conservation  of  momentum, 
and  conservation  of  energy.  The  resulting  equations 
are  known  at  the  Rankine-Hugoniot  relations.*4  Ap 
plication  of  these  relations  requires,  in  addition,  a 
knowledge  of  the  effect  of  temperature  and  pressure 
on  the  density  of  water  (or  sea  water). 

Figure  17  shows  the  results  of  a  calculation  for 
sea  wator  of  the  relation  between  tho  excess  shock 
velocity  (i.e.,  shock  velocity  minus  sound  velocity) 
and  the  shock  wave  pressure.***0  This  relationship 
enters  into  any  theoretical  calculations  on  shock-wav* 
propagation  and  also  has  direct  practical  applications. 
In  Section  1.2.12  it  is  mentioned  that  measurements 
of  shock-v  ivo  velocity,  combined  with  the  above  law, 
were  investigated  as  a  possible  independent  check  on 
other  methods  fop  measuring  the  absolute  value  of 
tho  shock-wave  pressure.  In  any  measurements  involv¬ 
ing  times  of  propagation,  such  as  in  depth  ranging 
(Section  1.4.5),  this  excess  velocity  must  be  con¬ 
sidered  if  the  pressure  it  considerably  greater  than 
acoustic  levels. 

Theoretical  Calculation  or  Shock-Way* 
Properties 

It  proved  to  be  possible  to  predict  by  purely  theo¬ 
retical  methods  the  peak  pressure  and  other  shock- 
wave  parameters  as  functions  of  distance  from  charges 
of  various  explosives.  Work  carried  out  under  Divi¬ 
sion  8,M  yielded  estimates  of  the  pressure  within  the 
explosive  charge  itself  at  the  instaut  of  complete  de¬ 
tonation.  As  an  approximation  it  was  usually  assumed 
that  the  pressure  inside  was  the  same  throughout  a 
spherical  charge  end  that  tho  burnt  gases  were  at 
rest  at  that  instant,  although  actually  it  was  known 
that  tho  mechanism  was  more  complicated.  With  this 
starting  point,  it  is  a  purely  hydrodynamics!  prob¬ 
lem,  but  a  very  difficult  one,  to  calculate  the  events 
which  occur  in  tho  surroundiug  water  as  the  pressure 
wave  is  emitted. 

The  equation  of  continuity  (conservation  of  mat¬ 
ter)  and  the  equation  of  motion  (conservation  of 
momentum)  supply  u  sot  cf  differential  equations  for 
the  motion  of  the  water  which,  in  principle,  determine 
tho  events  accompanying  expausion  of  the  explosion 
products  once  the  boundary  condition*  are  specified.** 
The  boundary  conditions  aro  given  on  tho  ono  hand 
by  scmicmpirical  rotations  describing  the  way  in 
which  the  pressure  of  tho  burnt  gases  falls  off  os  the 
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Fionas  17.  Curve  ehowing  dependence  of  propagation  velocity  and  particle  velocity  on  preesuro  of  ahock  wave. 


goa  bubble  expands,#,l,•,  and  on  the  other  hand  by  the 
Hugoniot  relatione  between  the  ahock-frout  pressure 
and  velocity.  It  has  not  yet  proven  feasible,  hovrover, 
to  aolve  deferential  equation!  exactly  for  this  problem. 

One  procedure  which  was  used  to  get  an  answer 
for  uno  case  (TNT)  was  numerical  integration.**** 
This  led  to  reasonably  good  results  but  was  so  wees* 
sively  laborious  that  it  was  not  applied  to  other  mate* 
rials  or  to  other  densities  of  TNT. 

An  approximate  solution  was  found  at  Cornell  Uni* 
voraity  which  woa  remarkably  successful.* ‘**  In  that 
solution,  the  pressure,  etc.,  inside  the  explosion  were 
obtained  from  a  theoretical  treatment  involving  nu* 
merous  approximations,  and  the  solution  of  the  hydro* 
dynamic  problem  of  the  propagated  pressure  wavo  nee* 
eaaarily  required  certain  compromises  with  rigor.Whe:.. 
these  simplifications  were  made  a  complicated  but 
tractable  solution  of  the  differential  equations  was 
obtained,  and  applied  to  a  considerable  list  of  explo¬ 
sives  at  several  loading  densities.™*  The  result*  in 
terms  of  explosive  comparison  ratios  relativo  to  TNT 


for  a  few  explosives  are  listed  in  Table  5.  These  value* 
are  to  be  compared  with  the  corresponding  experi¬ 
mental  ratios  shown  in  Table  3.  Tho  theoretical  value* 


Taslb  5.  Theoretically  computed  explaelve  ratio* 
for  constant  volume  comparison  relative  to  TNT. 


Explosive* 

Density 

Peak 

pressure 

ratio 

Impulse 

ratio 

Energy 

ratio 

Torpex-1 

1.70 

1.10 

1.15 

IAS 

Mlnol-t 

1.06 

1.05 

1.11 

tit 

RDX-Comp.-B 

1.01 

1.05 

1.07 

1.1S 

Amatol 

1.66 

0.34 

0.98 

0.«7 

TNT 

1.69 

<1.00> 

(1.00) 

(!.0O> 

*  for  eempoUUsB  ot  riplorlvot  tm  TtbU  L 

are  somewhat  lower  than  experiment  but  they  do  giv* 
the  correct  order  of  merit  ot  the  different  explosives. 

Later  a  different  type  of  approximation  vaa  need 
which  also  enabled  the  peak  pressure  and  impulse  to 
be  calculated  as  functions  of  distance  and  chaTge 
weight*1-**  In  tills  treatment,  certain  measured  para¬ 
meters  of  tho  shock  wave  at  a  given  distance  could  be 
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used  to  compute  the  shock-wava  parameter*  at  other 
distances  hence  the  description.  of  thia  theory  a*  a 
propagation  theory.  Thia  method  waa  oonaiderably 
simpler  than  the  earlier  procedure  and  had  the  advan- 
tago  of  being  applicable  to  abode  wave*  in  air  aa  well 
aa  water.  (8ee  Chapter 

Figure  18  shows  a  compcriaoa  of  toe  peak  proasmra 
versus  diatance  currea  for  TUT  for  the  theoretical 
calculation*  and  for  aome  measurement*  with  piexo 
gauges  at  UBRL.  The  agreement  ia  really  quite  re¬ 
markable  for  ao  complicated  a  phenomenon.  As  a 
matter  of  fact,  during  the  period  in  which  the  piexo 
gaugaa  ware  still  in  a  development  atage  at  UKRIi 
the  calculated  results  were  usually  the  values  utilised 
since  they  were  regarded  as  more  reliable  than  any 
experimental  values  then  available. 

The  theoretical  investigations  at  Corndl  involved 
very  difficult  and  abstract  mathematical  methods  and 
it  waa  not  at  all  certain  at  the  time  they  were  under¬ 
taken  that  they  would  lead  to  results  of  any  practical 
value.  Aa  a  matter  of  fact,  the  investigations  proved 
to  be  extremely  useful,  not  only  because  of  the  direct 
applications  of  the  numerical  values  of  pressures,  etc., 
but  because  the  theory  served  as  a  guide  and  frame¬ 
work  for  the  experimental  work  at  UERL.  There  waa 
constant  competition  between  the  experimental  and 
theoretical  workers  in  seeking  the  ultimate  answer*, 
and  discrepancies  which  sometimes  appeared  lead  to 


searches  for  errors  and  effects  which  otherwise  might 
not  have  been  suggested. 

u  DAMAGE  PRODUCED  BY 

UNDERWATER  EXPLOSIONS 

1X1  General  Corudderatvona 

The  problem  of  predicting  the  damage  to  a  gives 
structure  which  will  be  caused  by  an  underwater  ex¬ 
plosion  ia  very  difficult  and  has  not  yet  been  folly 
solved.  In  principle,  the  problem  is  nothing  morw 
than  the  application  of  Newton's  laws  of  motion  and 
of  the  resisting  properties  of  the  material.  The  diffi¬ 
culties  arise  from  the  complexity  of  the  system  of 
forces  acting  on  an  element  of  the  structure  a*  it  is 
being  deformed  by  the  explosion.  Usually  the  complete 
expression  of  these  forces  ia  not  known  or  the  eola¬ 
tion  of  the  resulting  equations  is  not  feasible.  When, 
simplifying  approximations  are  made  to  render  the 
problem  tractable,  some  uncertainty  la  introduced  aa 
to  the  confidence  with  which  one  can  apply  the  theo¬ 
retical  results  to  the  interpretation  of  experiments 
on  an  actual  structure.  In  view  of  the  difficult  nature 
of  tho  problem,  it  is  not  surprising  that  reasonably 
complete  theory  is  available  for  only  certain  simples 
idealised  target  structures  such,  as,  for  example,  a 
circular  steel,  diaphragm  having  its  edge  rigidly  cup- 


Fiouaa  18.  Curve  of  theoretically  computed  pressures  for  out  TNT  versus  distance  from  charge.  Curve  A:  approximate 
analytical  solution;  Curve  B:  "propagation  theory'1;  Curve  C:  numerical  integration  treatment. 
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ported.  In  the  case  of  alu-'  i  ^jetures  it  is  even  difficult 
to  state  which  properties  of  the  explosion  are  the  moot 
important  in  producing  d.auuge  in  a  given  case.  It  £>  ' 
conceivable  that  under  certain  conditions  tho  dam  age- 
determining  factor  conld  be  shock-wave  peak  pres¬ 
sure,  impulse  or  energy,  the  properties  of  the  bubble 
pulses,  or  the  huompfesnTS  Sow  of  the  water  associ¬ 
ated  with  hobble  motion.  Nevertheless  certain  con¬ 
cepts  of  the  damsge  theories  at  least  define  the  limita¬ 
tions  on  possible  hypotheses  concerning  the  nature 
of  the  damage  process. 

The  theories  so  far  developed  are  primarily  appli¬ 
cable  to  noncontact  explosions,  for  example,  a  depth 
bomb  exploded  near  a  submerged  submarine  or  a 
large  aerial  bomb  exploded  in  the  water  at  a  distance 
from  a  merchant  vessel  but  near  enough  to  produce 
serious  damage.  Under  these  conditions,  especially 
whore  the  charge  is  at  the  same  level  os  the  target 
and  not  underneath  it,  the  kinetic  energy  effects  duo 
to  the  in  compressive  flow  of  the  water  can  probably 
be  ignored,  since,  at  pointed  out  in  Section  1.2.6, 
these  effects  fall  off  as  tho  fourth  powor  of  tho  dis¬ 
tance,  whereas  the  energy  transported  by  tho  shock 
wave  falls  off  only  as  the  second  power  of  tho  distance. 
For  charges  at  a  distance  t:  jdi  a  target,  the  double 
pulses  are  probably  not  important.  In  many  case?, 
the  explosion  occurs  too  near  tho  surface  for  those 
pulses  to  devolop  because  venting  occurs  first.  Iu  other 
cases,  such  as  in  a  deep  attack  on  a  submarine,  bubble 
pulse?  might  have  to  bo  considered,  especially  if  tho 
charge  detonates  underneath  the  target.  Thit  is  a 
subject  which  needs  further  investigation. 

The  subject  is  particularly  confused  for  contact  or 
near-contact  explosions.  Undor  theso  circumstances, 
tho  shock-wavo  phenomena  and  flow  phenomena  occur 
almost  simultaneously  and  the  target,  if  closo  enough 
to  the  charge,  will  be  subjected  to  quite  a  high  pres¬ 
sure  from  the  gas  bubble  itself. 

Effect  of  Tamet  Inebtia 

When  a  shock  wave  strikes  a  target  of  large  area 
so  that  the  effects  of  the  edges  do  not  need  to  be  con¬ 
sidered,  a  number  of  possibilities  exist  If  tho  target 
is  quite  massive  so  that  its  inertia  is  large  end  tho 
time  required  for  it  to  accelerate  appreciably  is  large 
compared  to  the  duration  of  tho  shock  wave,  the  im¬ 
pulse  of  the  wave  will  be  completely  absorbed  by  the 
target,  and  impulse  will  then  be  the  deciding  factor 
in  determining  the  extent  of  damage.  This  is  similar 
to  the  experiment  in  which  a  bullet  strikes  a  ballistic 
pendulum.  The  period  of  the  pendulum  is  long  com- 


• 

pared  with  the  tlmo  of  impact  of  the  bullet  and  on* 
that  meat  urea  the  total  impulse  transferred  by  the 
bullet  to  the  pendulum.  Furthermore,  one  can  treat 
the  reflection  of  the  wave  as  it  the  target  were  rigid, 
so  that  the  pressure  and  likewise  the  impulse  are  essen¬ 
tially  doubled  by  this  reflection.  The  question  as  te 
whether  or  not  damage  takes  place  than  become*  ■ 
problem  of  calculating  whether  the  target  is  capable 
of  absorbing  the  given  amount  of  impulaa  without 
suffering  permanent  deformation.  As  a  simple  illus¬ 
tration,  consider  a  completely  free,  air-backed  piste 
upon  which  e  shock  wave  impinges  perpendicularly. 
If  the  plate  baa  the  mass  M  and  the  impulse  in  tho 
shock  wave  has  the  'slue  I,  the  plate  acquiree  a  mo¬ 
mentum  ilv  —  27,  where  «  it  the  velocity  acquired 
by  the  plate  and  the  factor  2  occurs  because  of  the 
reflection  of  tho  shock  wave. 

On  tho  other  hand,  the  damage  process  is  different 
whon  the  target  plate  is  so  light  that  its  inertia  does 
not  provont  appreciable  motion  during  the  time  of 
passage  of  the  shock  wavs.  In  the  limit  when  tho 
plate  ia  so  light  that  it  accelerate*  rapidly  compared 
with  tho  duration  of  the  shock  wave  one  might  expect 
that  the  peak  prcaauro  would  be  the  important  damage 
determining  factor.  If  the  possibility  of  cavitation  ia 
ignr.  rd  this  would  follow  bocause  the  damage  would 
bo  over  before  the  pressure  in  the  shock  wave  had 
fallen  appreciably  below  its  peak  value.  Under  these 
conditions  the  ultimate  duration  of  the  shock  wave 
would  have  no  important  bearing  on  tho  extent  of 
tho  damago.  This  extreme  situation  ia  the  sort  that 
would  he  expected  with  a  very  largo  explosion,  such 
as  an  atomio  bomb.  Hero,  tho  full  duration  of  the 
wave  is  longer  than  tho  period  of  moat  target  struc¬ 
tures  so  tliat  tho  damago  ia  measured  by  the  peak 
pressure  and  not  by  the  impulse  or  duration. 

Effect  of  CavrraTioir 

Undor  certain  circumstances  cavitation  can  occur. 
This  greatly  complicates  the  treatment  of  the  damage 
problem.  When  the  target  accelerates  under  the  action 
of  tho  shock-wavo  pressure,  its  motion  forward  tends 
to  reduce  tho  pressure  in  the  water.  If  the  target  ia 
light  enough,  this  effect  con  bo  so  pronounced  as  to 
cause  the  pressure  to  fall  very  rapidly  below  sero  to 
negativo  values.  In  other  words,  the  plato  acquires 
sufficiently  great  velocity  actually  to  pull  away  from 
the  water  or  to  cause  the  water  to  pull  away  from  it¬ 
self,  resulting  in  the  formation  of  cavitation  bubbles. 
Figure  11  (see  Section  1.2.5)  shows  such  cavitation 
i$  front  of  a  thin  air-backed  free  plate  accelerated  by 
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•  shock  ware.  A  theory  has  been  developed  to  take 
into  account  thia  phenomenon  in  the  timple  idealized 
caae  of  a  deformable  diaphragm  with  anpported  edges. 
The  net  mult  of  thia  theory  ia  that  the  energy  of  the 
ahock  wave  become*  trapped  between  the  target  plate 
and  the  receding  layer  of  cavitation  babbles.  Thia 
ieyor  recede*  became  the  pleatie  deformation  of  the 
moving  plate  absorb*  it*  kinetic  energy  end  thru  ir- 
reeta  its  forward  motion.  When  this  happen*,  the 
water  which  ia  moving  forward  pile*  up  ageinat  the 
plate  and  the  preeaure  once  more  rise*  to  positive 
value*  to  that  the  cavities  begin  to  collapse.  This 
boundary  between  eolid  water  and  cavitated  water 
then  recedes  away  bom  the  target  plate.  The  mathe¬ 
matics  leads  to  the  predictions  that,  under  these  cir¬ 
cumstances,  it  will  be  the  square  root  o?  the  energy 
of  the  shock  wave  which  is  the  determining  factor  for 
damage. 

Enos  Ef sects 

The  damage  process  for  all  actual  cases  is  compli¬ 
cated  by  edge  offecta.  A  real  target  is  not  of  infinite 
extent,  so  that  the  phenomena  occurring  around  the 
edges  of  the  target  will  influence  the  phenomenon  at 
the  center.  A  finite  time  1*  required  for  any  disturb¬ 
ance  to  be  propagated  through  either  the  sea  water 
medium  or  the  target  structure  so  there  will  be  a  time 
factor  in  the  influonce  of  edge  effects,  but  they  will 
eventually  act  to  influence  the  phenomena  at  any  part 
of  the  structure.  Thus,  if  the  target  Is  of  small  diam¬ 
eter,  cavitation  may  never  get  started  because  the  re¬ 
duction  in  pressure  at  the  renter  caused  by  the  for¬ 
ward  motion  of  the  target  plate  may  be  eliminated 
by  the  flow  of  pressure  in  from  the  high-pressure  re¬ 
gions  around  the  plate.  Thia  diffraction  effect  was 
used  to  predict  quantitatively  the  conditions  under 
which  cavitation  will  occur.*4***  The  predictions  so 
obtained  were  successfully  borne  out  by  underwater 
photographio  investigation  of  cavitation  phenomena. 
(Bee  Section  1.4.3.) 

Delation  or  Shook-Wave  Parauhtess  to  Dahaqs 

It  is  seen  from  the  above  discussion  that  peak  pres¬ 
sure,  the  square  root  of  energy,  or  impulse  may  each 
in  its  own  domain  be  the  determining  criterion  of 
damage.  In  all  real  cases,  the  mechanism  will  be  some 
combination  of  these  idealized  ones.  It  is  unfortunate 
that  no  more  definite  answer  to  this  question  has  yet 
been  made  which  ia  applicable  to  practical  situations, 
because  a  knowledge  of  which  of  tho  characteristics 
is  the  important  one  would  enable  a  determination 


of  the  optimum  weapon  rise  to  be  made.**  Thus,  if 
peak  pressure,  is  determining,  th*  lethal  radius  w*  ’ 

be  proportional  to  the  cube  root  of  the  charge  weig _ 

on  the  basis  of  the  similarity  law;  whereat,  if  impulas 
ia  effective,  the  lethal  radius  will  increase  approxi¬ 
mately  as  the  two-thirds  power  of  the  weight.  Finally, 
with  the  square  root  of  the  energy,  the  lethel  radios 
would  increase  approximately  sa  th*  square  root  of 
ti>*  weight,  that  is,  intermediate  between  the  peak 
pressure  and  impulse  cases.  Since,  in  practice,  on* 
never  gets  either  the  pure  peak  pressure  or  the  pure 
impulse  cases  but  something  intermediate,  the  square 
root  law  is  normally  not  a  bad  approximation.  Given 
the  proper  law  to  apply,  one  could  calculate  the  op¬ 
timum  weapon  size  using  knowledge  of  the  modes  of 
attack  and  the  geometry  cf  the  target  Thus,  it  could 
turn  out,  with  a  very  small  target,  that  the  important 
factor  waa  the  lethal  volume,  that  ia  the  volume 
around  the  explosion  within  which  the  target  would 
be  damaged.  This  lethal  volume  would  vary  aa  the 
cube  of  the  lethal  radius  and,  therefore,  a*  the  ft 
power  of  the  weight  if  the  square  root  law  applied. 
Under  these  conditions,  the  probability  of  damage 
would  increase  more  rapidly  than  the  weight  of  the 
charge  and  would  thus  favor  largo  charges.  However, 
aa  the  charge  weight  increases  to  large  values,  the 
increase  in  the  time  constant  of  the  shock-wave  decay 
would  cauM  the  damage-distance  exponent  to  decrease 
toward  the  peek  pressure-distance  decay  exponent 
which  would  ultimately  make  the  lethal  volume  pro¬ 
portional  to  charge  weight  The  lethal  volume  crite¬ 
rion  is  certainly  not  the  propor  one  to  use  in  all  cases. 
For  example,  if  the  depth  of  tho  tnrgot  it  known  and 
the  depth  of  the  explosion  can  be  accurately  set,  lethal 
Tree  would  be  a  more  appropriate  criterion.  The  prob¬ 
lem  is  thus  complicated  but  should  be  soluble  if  the 
conditions  are  known  in  detail. 

u-*  Explosive  Damage  to  Steel  Plates 

Although  it  should  bo  dear  from  the  above  pars- 
graph  that  the  state  of  knowledge  confining  damage 
to  structures  in  general  from  underwater  explosions 
ia  not  in  a  satisfactory  state  at  the  preoeut  time,  never¬ 
theless,  simple  idealized  systems  hat  been  effectively 
studied  both  experimentally  and  thoretically  and  pro¬ 
vide  a  useful  basis  for  further  work.  The  simplest  of 
these  systems  is  the  free  sir-backed  plate.  Some  ex¬ 
periments  have  been  performed  on  this  type  of  system 
especially  with  the  aid  of  underwater  photography.** 
Complications  hero  are  the  edge  effects  and  the  pto- 
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ductioa  of  cavitation  under  certain  conditions,  so  that 
even  this  very  simple  system  baa  not  been  foil;  treated 
theoretically; 

Another  simple  system  which  baa  been  treated  is 
the  ball  crusher  gauge  in  which  a  copper  sphere  it 
damaged  by  the  pressure  ware  accelerating  a  piston. 
TP*  is  discussed  in  Section  LAS. 

Cihcula*  Steel  Duphuaqk  Expeumxkts 

The  UERL  diaphragm  gauge  described  in  Section 
1.4.2  which  consists  of  a  ctamped  air-backed  steel  dia* 
phragm  has  been  extensively  studied  both  theoreti¬ 
cally  and  experimentally  with  quite  satisfactory  re¬ 
sults.  In  the  course  of  its  use  as  an  empirical  measure 
of  the  effectiveness  of  various  explosives,'*-"''*  a 
large  amount  of  experimental  data  was  obtained  with 
a  great  variety  of  charge  weights  and  distances.  In 
addition,  a  number  of  special  experiments  were  mado 
on  this  gauge  from  the  viewpoint  of  testing  the  ap¬ 
plicability  of  theoretical  results. 

It  was  fouud,  for  example,  that  when  the  charge 
site  was  of  the  order  of  300  lb  or  larger,  the  ratios  of 
diaphragm  gauge  readings  for  various  explosives  wore 
very  closely  proportional  to  the  peak-pressure  ratios 
from  these  explosives  as  measured  pietoelcctrically. 
Howover,  there  wns  empirical  evidence  that  oven  with 
charges  of  this  size  the  diaphragm  gauge  was  not  act¬ 
ing  *9  a  pure  peak-pressure  gaugo;  that  is,  its  read¬ 
ings  were  somewhat  influenced  by  the  rate  of  decay 
of  the  pressure  pulse.  To  explore  this  point,  the  data 
were  analyzed  to  determine  tho  effect  of  weight  and 
distance  on  the  damage  to  the  diaphragm.  It  was 
found  that  over  short  ranges  of  weight  and  distance, 
the  central  indentation  8  of  the  diaphragm  could  be 
expressed  as  a  simple  function  of  the  weight  W  and 
distance  R,  i.e., 


where  0  is  an  empirical  constant  related  to  ilia  gaugo 
properties  and  m  and  n  are  empirical  constants.  Using 
this  formula,  one  can  investigate  the  relation  between 
weight  and  distance  which  produces  a  given  constant 
damage.  If  peak  pressure  were  the  only  factor  influenc¬ 
ing  the  result,  the  similarity  law  would  show  that  the 
distance  for  a  given  degree  of  damage  should  vary  aa 
the  cube  root  of  its  weight  Is  other  words,  the  ratio 
of  the  weight  exponent  to  the  distance  exponent 
should  be  one-third.  For  large  charges,  the  actual 
value  was  0.4,  showing  that  peak  pressure  was  not  the 
only  factor  influencing  the  rcculta.  If  impulse  hud 


been  the  sole  factor,  tH  ratio  would  be  approximately 
two-thirds  aa  calculated  from  the  known  dependence 
of  impulse  on  weight  and  distance.  For  small  chargee 
(about  5  lb),  the  exponents  found  with  the  diaphragm 
gauges  were  0.6  and  1.2  for  weight  and  distance  re¬ 
spectively.  The  ratio  of  approximately  one-half  shows 
that  in  this  region  of  charge  weight  the  diaphragm 
gauge  is  measuring  something  between  impulse  and 
peak  pressure. 

Experiments  were  performed  in  which  the  time  re¬ 
quired  for  the  diaphragm  to  receive  its  full  depression 
was  measured  by  means  of  an  electric  contact  fitted 
into  the  gauge."  The  experiments  showed  that  the 
timo  was  about  150  /isec,  much  shorter  than  the  first 
bubble  period,  unless  the  gaugo  was  mounted  above 
a  small  charge.  Consequently,  tho  great  bulk  of  the 
data  obtained  with  these  instruments  at  employed  et 
UERL  for  explosive  comparisons  (i.e.,  gauge  hori¬ 
zontal  to  side  of  charge)  was  not  influenced  by  bubble 
pulses.  This  was  further  demonstrated  by  the  time  of 
action  of  the  gauge  as  determined  approximately  from 
experiments  in  which  the  depth  of  submergence  of  the 
gauge  end  charge  was  varied.**-"*  Aa  the  two  were 
brought  closer  to  the  surface,  a  critical  depth  was 
reached  at  which  the  damage  began  to  decrease  with 
closer  approach  to  the  surface.  The  explanation  of  this 
decrease  is  that  the  shock  wave  reaching  the  dia¬ 
phragm  is  cut  oil  by  the  rarefraction  coming  from  the 
surface.  The  time  at  which  the  pressure  wave  ia  thus 
cut  off  can  bo  calculated  from  the  geometry  of  the 
setup  so  that  the  depth  at  which  the  falling  off  in 
damage  begins  will  give  tho  maximum  duration  of 
the  shock  wave  which  is  effective  iu  causing  damage. 
This  time  turned  out  to  be  of  tho  order  of  200  >isec 
for  charges  of  a  few  pounds,  in  rough  agreement  with 
the  value  of  150  ^seo  obtained  in  experiments  using 
the  electric  contact  procedure.  As  mentioned  in  Sec¬ 
tion  1.4.3,  it  was  found  by  photographio  experiments 
that  cavitation  did  not  occur  with  these  gauges  under 
normal  test  conditions,  although  conditions  could  oe 
devised  which  would  result  in  cavitation. 

When  waier-backed  instead  of  air-backcd  dia¬ 
phragms  are  damaged,  the  deformation  is  consider- 
auly  less.  This  reduction  ia  primarily  due  to  the 
inertial  resistance  of  the  water  which  must  be  accel¬ 
erated  by  the  deforming  plate. 

Experiments  were  performed  on  the  influence  of 
diaphragm  thickness  and  diaphragm  weight  in  order 
to  compare  with  tho  theory  discussed  below. 

Experiments  were  also  carried  out  which  showed 
the  influence  of  pieces  of  wood  near  the  diaphragm 
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gauge  to  be  very  marked,  00  that  wooden  structure* 
should  be  avoided,  in  using  these  or  other  underwater 
pressure  ganger 

Thsobstic xl  Calovultiok  or  tub 
Pisano  Tbsjroxitmow 

A  number  of  theoretical  treatments  of  air-becked 
diaphragms  wen  mad*  during  World  War  11.***** 
The  theory  developed  at  Cornell  University  vas  based 
on  a  number  of  approximations  and  assumptions,  in* 
eluding  the  idea  that  the  deformation  of  steel  could 
be  approximately  treated  mathematically  by  assuming 
that  its  stress-strain  curst  vu  a  horizontal  straight 
line  at  the  yield  stress.  Furthermore,  it  vu  assumed 
that  the  diaphragm  could  be  treated  u  a  membrane 
under  a  constant  tension  equal  to  the  product  of  its 
thickness  and  the  yield  stress  of  the  material.  It  vu 
necessary  to  consider  not  only  the  reaction  of  the  dia¬ 
phragm  to  the  load  imposed  upon  it,  a  problem  of 
plasticity,  but  also  the  effect  cf  the  deformation  of 
the  diaphragm  on  the  load  itself,  since  the  moving 
diaphragm  sends  out  a  rare  fraction  wave.  This  cor¬ 
rection  is  complicated  by  the  diffraction  effects  from 
the  region  surrounding  (he  diaphragm.  The  approxi¬ 
mation  vas  also  made  of  linearizing  the  differential 
equations  which  were  set  up.  Solutions  were  obtained 
which  gave  tho  deformation  to  he  expected  under  any 
given  condition  of  shock-wave  attack,  provided  cavi- 
tation  did  not  occur.  These  formulas  were  remarkably 
successful  in  predicting  the  experimental  values  which 
actually  obtained  over  a  very  wide  range  of  varia¬ 
bles.1**'  The  theory  also  indicated  the  form  of  the 
dependence  of  the  diaphragm  deflection.  on  the  thick- 
ness**  and  the  diameter  of  the  ateel  plates,  the  effect  of 
bubbles,  etc.  It  was  thus  feasible,  by  use  of  the  theory, 
to  eliminate  the  effect  of  small  unavoidable  variations 
in  plato  thickness.  Thus  in  making  explosive  compari¬ 
sons  at  UERL  it  wu  customary  to  reduce  all  gauge 
readings  to  the  corresponding  reading  for  a  standard 
thickness  of  diaphragm. 

The  conditions  leading  to  cavitation  were  success¬ 
fully  derived,**  but  there  still  remains  the  very  diffi¬ 
cult  problem  of  developing  an  accurate  theory  for 
predicting  the  damage  under  conditions  of  cavitation. 

iaa  Some  Remarks  on  tho  Uso  of 
Scaled  Models 

Ono  of  the  most  convenient  methods  of  studying 
the  phenomenon  of  damago  by  underwater  explosion  it 
tho  use  of  scaled  models.**’1**  There  has  been  much 
discussion  and  not  a  little  experimentation  in  the  past 


concerning  the  reliability  of  this  method  of  investi¬ 
gation  and  H  cannot  be  said  that  the  issue  with  re¬ 
spect  to  explosion  phenomena  is  completely  clarified. 
However,  a  great  deal  more  is  understood  nov  regard¬ 
ing  the  requirements  for  true  scaling  than  vas  known 
at  the  beginning  of  World  War  II.  At  that  timet  tor 
example,  the  phenomenon  of  bubble  oscillations  arts 
not  at  all  veil  known.  Furthermore,  the  effect  of  rate 
of  strain  on  the  strength  of  materials  vu  not  appre¬ 
ciated.  The  evidence  is  nov  very  strong  that  shock¬ 
wave  properties  scale,  u  described  in  Section  1X4* 
to  a  considerable  degree  of  accuracy.  It  is  no^  of 
course,  impossible  that  more  refined  Investigations 
will  detect  small  deviations  from  the  ecsling  lavs  but 
the  deviation*  should  not  be  of  great  practical  sig¬ 
nificance.  It  »  also  well  known  nov  that  the  bubble 
effects  do  not  scale  in  the  same  way.  Bubble  effects, 
therefore,  immediately  put  a  limitation  on  the  use  of 
models  for  the  study  of  underwater  damage  under 
conditions  such  that  bubble  or  flow  phenomena  may 
he  important.  There  are,  however,  other  limitations. 
The  most  important  limitation  it  the  fact  that  H  is 
almost  never  possible  to  build  a  model  vhich  is  per¬ 
fectly  scaled  from  a  large  structure.  For  example,  no 
really  equivalent  means  of  fastening  the  members  to¬ 
gether  has  been  found.  Bivets  and  welding  are  not 
easy  to  reproduce  on  a  small  scale.  Neither  ia  it  usu¬ 
ally  practical  to  make  the  structural  members  of  ex¬ 
actly  the  same  shape  in  the  model  u  in  the  prototype. 
It  is  also  very  difficult  to  reproduce  the  properties  of 
heavy  steel  members  on  e  small  scale,  aince  the  opera¬ 
tion  of  rolling  out  thin  sheets  influences  the  strength 
noticeably.  Is  spite  of  all  these  difficulties,  it  ia  un¬ 
questionable  that  a  great  deal  of  essential  information 
can  be  derived  from  model  experiments. 

Naturally,  no  model  experiment  is  a  complete  sub¬ 
stitute  for  a  full-scale  test  on  the  actual  structure  of 
interest  On  the  other  hand,  the  number  of  variables 
involved  and  the  number  of  variables  which  are  not 
easily  controlled  may  be  so  great  that  a  single  large- 
scale  test  can  be  highly  misleading.  When  an  experi¬ 
ment  involve' either  variables  which  cannot  be  accu¬ 
rately  controlled  or  variables  which  take  on  many 
values  in  practice,  one  of  which  must  be  selected  for 
the  test,  one  has  a  statistical  problem  such  that  only 
a  large  number  of  experiments  under  a  wide  range  of 
practical  conditions  can  give  a  result  of  assured  accu¬ 
racy.  Such  a  large  number  of  tests  is  impractical  if 
expensive  full-scale  structures  have  to  be  employed. 
It  is  for  these  reasons  that  model  investigations  are 
practically  essential  for  the  study  of  damage  although 
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it  U  dearly  very  desirable  to  supplement  them  with  a 
few  well-chosen  toll-scale  tests. 

In  general,  the  way  in  which  the  various  parameters 
should  be  scaled  can  be  deduced  from  tho  principles 
of  dimensional  analysis,*01  A  more  rigorous  proce¬ 
dure  requires  a  complete  knowledge  ot  the  differential 
squadrons  of  motion  of  the  system.  Frequently  it  is 
not  possible  to  scale  properly  every  parameter  or  vari¬ 
able  which  occurs  in  the  equations.  When,  for  example, 
parameters  such  as  gravity  and  density  occur  in  the 
equations,  rigorous  scaling  may  not  be  possible  or  may 
be  impractical  to  carry  out  experimentally. 

In  constructing  a  model,  a  great  amount  of  knowl¬ 
edge  and  judgment  must  go  Into  the  design  and  into 
the  decision  at  to  which  features  of  the  structure  an 
the  essentiat  one*.  Thus,  it  may  be  important  that  the 
momenta  of  inertia  of  certain  members  be  sccurstely 
reproduced  although  it  may  not  be  necessary  to  re¬ 
produce  the  exact  shape.  On  the  othor  hand,  it  is  not 
sufficient  that  the  structure  have  the  same  static 
strength  as  the  prototype  because  one  is  interested 
here  in  dynamic  effects  where  the  inertia  of  various 
members  may  be  very  important  in  determining  their 
resistance  to  damage.  The  degree  of  perfection  with 
which  certain  components  of  the  model  arc  fabricated 
may  or  may  not  be  vital.  Thus,  in  tests  made  at 
UERL  on  simple  cylinders,  it  was  found  that  the 
ability  ot  these  structures  to  withstand  explosive  at¬ 
tack  was  critically  dependent  on  the  degree  of  round¬ 
ness  of  the  cylinder,  (sec  Section  1.3.4),  A  Cat  spot 
deviating  from  a  perfect  circle  by  as  much  as  half  the 
thickness  of  the  material  caused  a  definite  weakening 
of  the  structure.  On  the  other  hand,  this  effect  wsa 
not  nearly  so  pronounced  when  the  cylinders  were 
ribbed  in  closer  imitation  to  the  construction  of  a 
submarine. 

The  influence  of  the  effect  of  strain  rate  on  the 
strength  of  the  materials  needs  to  be  studied  further 
in  connection  with  the  use  of  models.  If  it  were  not 
for  this  effect,100  it  would  be  expected  that  the  Hop- 
kinson  law  of  scaling  described  iu  Section  1.2.4  should 
hold  for  shock-wave  damage.  Limited  experiments  at 
UERL  on  copper  diaphragms  of  two  sites  showed 
close  agreement  with  the  Hopkinson  scaling  law,  in 
spite  of  the  well-known  rate  of  strain  effect  on  the 
strength  of  copper.  (See  Chapter  12.)  This  may  he  a 
result  of  the  fact  that  at  both  scales  the  rate  of  strain 
was  fairly  high  and  in  a  region  where  tho  strength  is 
not  changing  rapidly  with  rate  of  .otrain  »J though  it 
differs  materially  from  the  statio  strength.  Extrapol¬ 
ation  of  this  scaled  result  tc  much  larger  structures 


might  be  slightly  in  error  because  of  the  strain  rata 
effect  This  rate  of  strain  difficulty  does  not,  however, 
invalidate  relative  experiments  in  which  various  vari¬ 
ables  such  ss  method  of  construction  ot  ths  model, 
distance  of  the  charge,  typo  of  exploaive,  are  com¬ 
pared  at  the  same  scale.  The  relative  ease  with  which 
large  numbers  of  experiments  may  be  conducted,  with 
small-scale  structures  argues  strongly  in  favor  of  the 
use  of  small  models,  ur  simple  idealized  targets,  in  the 
investigation  of  the  fundamental  nature  ot  the  dam¬ 
age  process. 

*as  Explosive  Damage  to  Steel 
Cylindrical  Sheila 

Another  type  of  simple  system  which  has  been  stud¬ 
ied  extensively,  both  experimentally  and  theoretically, 
is  the  air-filled  cylinder.  Various  models  of  such  cyl¬ 
inders  were  designed  and  studied  at  UERL.  These 
were  roughly  scaled  to  represent  a  section  of  a  sub¬ 
marine  hull  between  bulkheads  and  were  constructed 
with  or  without  internal  ring  supports  analogous  to 
the  stiffener  ribs  of  a  submarine.  The  sizes  were  ap¬ 
proximately  one-tenth  or  one-twentieth  of  full  scale 
in  linear  dimensions.  A  technique  was  evolved  for 
rolling  and  fastening  the  cylindrical  wall  ao  that  the 
maximum  deviations  from  perfect  circular  croea  soc- 
tiou  could  be  made  as  low  as  one-eighth  of  the  wall 
thickness. 

Cylindrical  Models  without  Internal 
Ring  Supposes 

The  majority  of  the  experiments  with  this  type  of 
cylinder  were  conducted  with  a  model  having  a  di¬ 
ameter  of  5%a  an  unsupported  length  of  8V4 
in.  and  wall  thickness  of  0.038  in.  The  ends,  which 
consisted  of  circular  steel  plates  1  in.  thick,  were  free 
to  move  inward  on  a  central  supporting  rod  as  the 
cylinder  was  damaged.'1  Those  shells  had  a  single 
longitudinal  welded  scam.  In  practice  the  chaTge  was 
oriented  relr.tive  to  the  cylindor  so  that  the  scam  was 
on  the  far  Bide  of  the  cylinder,  thereby  minimizing 
the  effect  of  unavoidable  imperfections  introduced  by 
the  welding. 

One  interesting  series  of  experiments  with  this 
model  consisted  of  damaging  the  cylinders  with  26 
giams  of  tetryl  at  various  shallow  depths.  The  results 
indie -  ted  that  under  certain  conditions  tho  bubble 
pulse  may  contribute  greatly  to  the  damage.  This  is 
illustrated  by  the  photographs  in  Figure  19.  All  three 
cylinders  shown  were  damaged  with  the  same  size  of 
charge  and  at  the  B&rae  chargo-to-cy tinder  distance 
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Fiocnx  19.  Photographs  of  cylindrical  models  shown*  effect  of  bubble  damage  in  shallow  water 
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o£  28  in.  and  'with,  the  charge  vertically  above  the  cyl¬ 
inder.  They  differed  only  in  the  depth  of  cabmergence 
of  the  charge-cylinder  combination.  In  the  first  photo¬ 
graph,  the  charge  was  1  ft  beneath  the  surface  so  that 
the  explosion  bubble  vus  vented  before  it  could  have 
emitted,  anything  but  the  shock  wave.  Note  the  small 
amount  .of  damage  which  is  presumably  the  effect  el 
the  shock  wave  alone.  In  the  third  photograph,  the 
system  wee  submerged  so  that  the  charge  depth  was 
6  ft.  Hence  the  normal  bubble  pulse  would  develop, 
largely  uninfluenced  by  the  presence  of  the  surface. 
The  damage  it  considerably  larger.  In  the  second  pho¬ 
tograph,  the  depth  of  submergence  ol  the  charge  wee 
2  ft,  which  presumably  led  to  the  bubble  being  re> 
polled  by  the  surface  so  that  the  bubble  pulse  came 
from  e  point  practically  in  contact  with  tho  cylinder, 
resulting  in  its  complete  destruction.  It  is  important 
to  emphasize  that  the  downward  migration  of  the 
bubble  due  to  free  surface  repulsion,  observable  with 
small  charges,  does  not  occur  with  charges  greater 
than  several  pounds.  Tins  is  s  consequence  of  the  rela¬ 
tively  greater  upward  force  of  gravity  on  the  larger 
gas  globe.  This  is  an  example  of  a  phenomenon  which 
is  not  easily  scalable,  and  illustrates  the  fact  that  ex¬ 
treme  care  must  be  exercised  in  the  design  and  inter¬ 
pretation  of  mo'M  scale  experiments. 

Another  series  of  experiments  was  designed  to  in¬ 
vestigate  the  effect  of  slight  deviations  from  a  perfect 
circular  cross  section  of  the  cylinder  wall.  This  was 
accomplished  by  deforming  the  shell  before  mounting 
so  that  the  curvature  in  certain  lccal  regions  was  al¬ 
tered.  Deviation*  from  s  perfect  circular  crow  section 
of  Va-  to  2-wall  thicknesses  did  not  greatly  affect  the 
extent  of  the  damage  in  shallow  water,  but  were  im¬ 
portant  factors  in  determining  the  locations  of  the 
damage.  In  deop  water,  however,  where  a  considerable 
hydrostatic  load  was  superimposed  on  the  explosive 
loading,  these  slight  imperfections  in  the  cylinder 
wall  significantly  increased  the  observed  damage. 

C\unx)Ktcal  Shells  with  ?nr;BNAL 
Kino  Supports 

Later  investigations  were  conducted  with  cylinders 
which  bad  internal  stiffener  rings  and  the  following 
dimensions:  diameter  8%  in.,  length  814  in.,  and 
wall  thickness  0.038  in.  Tne  stiffener  ribs  were  of 
strength  and  at  spacings  appropriate  to  a  scaled  model 
of  a  submarine  pressure  hull.  In  shallow  water  experi- 
ments  with  these  models,  bubble  pulse  damage  and 
the  influence  of  imperfections  were  observed  but 


found  to  be  lees  severe  titan  in  the  caae  of  tho  on- 
ribbed  cylinder.  To  study  the  affect  of  %  super¬ 
imposed  hydrostatic  load,  the  damage  to  cylinder!  of 
this  model  by  25-gram  tetryl  chargee  at  various  dis¬ 
tances  was  determined  at  depths  extending  to. 700  ft. 
The  results  tie  presented  in  Figure  20,  in  which  tho 
charge-  to-c ylinder  distance  at  which  a  certain  arbi- 
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Fionas  20.  Plot  of  charge  diatanoe  required  to  produce 
critical  damage  venue  depth. 

trarily  defined  “critical”  damage  wee  inflicted  by  the 
explosiou  it  plotted  against  tha  depth  of  submer¬ 
gence.14* 

In  order  to  distinguish  between  shock-rava  damage 
and  bubble-pulse  damage  to  the  ribbod  cylinders,  high¬ 
speed  motion  pictures  (2,500  frames  per  sec)  of  the 
cylinder  at  the  time  of  the  explosion  were  taken.  Such 
pictures  were  obtained  for  a  number  of  different 
depths  extending  to  700  ft.  Photographs  for  one  test 
are  shown  in  Figure  12  and  have  been  referred  to  in 
a  previous  section.  On  the  basis  of  a  number  of  similar 
photographs  obtained  at  other  depths,  there  seems  to 
be  little  doubt  that  with  hydrostatio  loading  of  the 
model  an  appreciable  amount  of  additional  damage 
is  caused  by  the  bubble  pulse,  apart  from  tho  damage 
caused  by  the  shock  wave. 
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Theoretical  Tbkatkxnt  op  Static  and  Dynamic 
BUOKUNQ  Of  CxUNDKM 

In  conjunction  with  the  experimental  work  on  cyl¬ 
inder  model*  at  UERL,  theoretical  atudiea  were  car* 
ried  out  at  Cornell.  One  result  of  theaa  investigations 
was  a  revision  of  the  theory  of  the  static  strength  of 
cylindrical  sheila  under  hydrostatic  pressure.  An  error 
was  found  in  Love's  fundamental  theory  of  elasticity 
and  an  entirely  new  method  of  solving  the  equations 
of  the  resistance  of  a  cylindrical  shell  was  carried 
through  to  completion.  The  results  were  expressed  in 
the  form  of  tables  which  should  be  useful  to  submarine 
designers  or  designers  of  other  externally  loaded 
pressure  vessels.*** 

At  the  a&mo  time,  a  beginning  was  made  on  the 
problem  of  the  dynamic  resistance  of  cylindrical  shells 
to  explosive  loading.1**  From  the  results  of  this 
theory  it  would  appear  that  pressures  considerably 
greater  than  the  statio  buckling  pressures  are  required 
to  initiate  buckling  for  dynamic  loading  such  as  oc¬ 
curs  with  a  decaying  shock  wave.  Moreover,  on  the 
basis  of  the  theory,  one  would  uot  expect  a  superim¬ 
posed  hydrostatic  load  to  effect  the  results  to  the  ex¬ 
tent  indicated  by  experiment.  (See  Figure  SO.)  The 
reason  for  this  discrepancy  is  not  yet  clear. 

The  theoretical  treatment  of  explosive  damage  to 
cylindrical  shells  iu  much  more  difficult  than  is  that 
of  the  circular  diaphragm.  One  difficulty  arise!  be¬ 
cause  of  the  instability  of  the  cylinder  shape.  Onco 
an  indentation  is  produced,  there  is  a  tendency  for 
collapso  to  occur  because  of  the  hydrostatic  pressure 
.  alone. 

UJ  Results  of  Other  Damage  Teats 

CODNTKRMININO  Of  HOBH  MlKES 

Tests  were  conducted  at  UERL  with  some  Japa¬ 
nese  antiboat  horn  mines,  as  well  os  with  soma  replica 
horns  manufactured  by  tho  Gulf  Research  and  Devel¬ 
opment  Company,  to  determine  the  optimum  condi¬ 
tions  for  countermining  such  mines  in  shallow 
water.10*  Sufficient  damage  must  be  caused  by  the 
countermining  charge  to  damage  •  lead  cylinder  and 
crush  an  inner  acid-contaiuing  gloss  viaL  The  damage 
process  of  the  horns  was  such  that  tha  peak  pressure 
of  the  shock  wave  was  t’.:s  important  factor;  the  pres¬ 
sure  necessary  to  activato  the  horn  was  found  to  be 
approximately  1,500  pai.  Thus  for  a  30-lb  charge  in 
a  dopth  of  water  of  5  ft  the  effective  countermining 
radius  for  60  per  cent  activation  was  37  ft.  Experi¬ 
ence  has  shown  that  under  the  same  conditions  activa¬ 


tion  of  all  the  mines  wovid  be  reasonably  certain  at 
27  ft  or  less.  Supplementary  work  has  shown  that  U 
is  not  likely  that  audb  a  mine  at  tha  Japanese  anti¬ 
boat  mine  will  be  countermined  by  sympathetic  de¬ 
tonation  at  distances  as  great  as  the  distance  at  which 
it  can  be  countermined  through  operation  of  the  horn. 

IkraoiABRjTY  or  UsnnwAra  STMTAmna 

Dstohatiox 

In  general  it  ia  difficult  to  detonate  underwater 
charges  of  the  common  explosives  fillings  or  oven 
booster  charges,  by  the  explosion  of  another  charge. 
Thus  in  one  series  of  tests,1**  small  bare  (but  water¬ 
proofed)  tctryl  and  TNT  charges  failed  to  detonate' 
when  as  close  as  5  ft  from  a  100-lb  TNT  charge.  An¬ 
other  test'**  consisted  of  four  trials,  in  each  of  which 
an  unfused  TNT-loadad  GP  bomb  was  placed  noae 
to  noce  4  ft  from  a  Mark  11  mins  loaded  with  700  lb 
of  torpea.  In  each  case  the  explosion  of  tha  Mark  18 
mine  failed  to  detonate  the  charge  of  the  OP  bomb. 
On  the  other  hand,  the  most  sensitive  detonator  cap 
tea  tod  (U.S.  Army  Corps  of  Engineers  special  ousting 
cap,  nonelectric)  was  sympathetically  detonated  when 
at  a  distance  as  great  os  29  ft  from  the  explosion  of 
100  lb  of  TNT.'**  In  countermining  actual  under¬ 
water  weapons,  other  factors,  such  as  damaging  or  ac¬ 
tivating  specific  fuze  mechanisms,  must  be  considered. 
In  the  absence  of  any  mechanism  which  can  be  acti¬ 
vated  by  the  shock  wave  it  ia  unlikely  that  tho  explo¬ 
sive  charge  in  such  weapons  can  be  detonated  sym¬ 
pathetically. 

If  an  occasion  requires  the  detonation  of  a  charge  or 
charges  following  the  explosion  of  a  given  charge,  it  ia 
necessary  to  provide  a  mechanical  firing  mechanism 
which  is  activated  by  tho  shock  wave  from  the  given 
charge.  TcbU  on  one  such  device  in  shallow  water  at 
Woods  Holo  revealed  an  interesting  dependence  of  the 
range  at  which  it  would  respond  on  the  nature  of  the 
bottom  (hard  sand  or  soft  mud).  It  would  bo  impor¬ 
tant  to  study  piezoclcctricolly  the  nature  of  shock- 
wave  transmission  under  these  conditions. 

1.4  EXPERIMENTAL  METHODS  FOR 

STUDYING  UNDERWATER  EXPL03ION 
PHENOMENA 

1X1  Piezoelcctrical  and  Other 

Electrical  Methods  * 

Piezoelectric)  Pbsssubs  Gauom 

In  making  an  experimental  study  of  underwater 
explosions,  it  is  obviously  important  to  devise  moth- 


CONFIDENTIAL 


UNDERRATES  EXPLOSIVES  AND  EXPLOSIONS 


ods  of  determining  the  pressure  in  the  siock  nn  it 
nriotrs  locations  around  the  erploeion,  Treferably  u 
e  function  of  the  time.  It  wee  eerlj  suggested  by 
J.  J.  Thompson  in  England  that  piezoelectric  crystal* 
could  be  need  to  measure  three  very  short-time  phe- 
nomen  a.  The  Britieh  developed,  after  World  War  I, 
•  large  gauge  made  from  a  plate  of  tounnaffno.  Thie 
ia  a  naturally  occurring  cryital  which  la  piarotlertri- 
colly  active,  that  ia,  when  subjected  to  pressnn  an 
electric  charge  appear*  on  the  surfaces  which  can  ha 
measured  by  electrical  instrument*.  Their  large  Brit¬ 
ish  tourmaline  gauge*  were  utilised  in  eom#  extremely 
Interesting  investigation*  which  served  to  outline  the 
nature  of  the  jihenomens  end  the  problems  yet  to 
be  solved.11*  As  the  technique  of  using  oacQlographie 
equipment  end  vacuum-tube  amplifiers  progressed,  it 
became  deer  that  the  gauge  could  be  further  im¬ 
proved.  Iu  the  first  place,  it  was  desirable  ^hat  it  ba 
made  physically  small  because  otherwise  the  time 
required  for  the  wave  to  pest  by  the  gauge  was  an 
appreciable  fraction  of  the  duration  of  the  phenomena 
being  studied.  Furthermore,  a  groat  increase  in  the 
ruggedness  of  the  gauge  was  necessary  if  the  pressure 
near  to  charges  was  to  ba  explored.  These  ideas  led 
naturally  to  tho  development  of  very  email  tourmalin# 
gauges  consisting  essentially  of  on*  or  more  small 
slabs  of  crystal  with  metallic  coating  on  the  appro¬ 
priate  faces  connected  to  a  cable,  the  whole  unit  being 
then  insulated  and  waterproofed.  Figure  81  gives  a 
diagram  of  one  of  the  latest  models  of  underwater 
tourmaline  pressure  gauges.  The  size  usually  used  for 
studying  the  shock  wave  from  actual  service  weapons 
is  about  %  in.  in  diameter.  It  was  possible  with  these 
gauges  to  meosuro  the  shock  ware  reasonably  close  to 
the  charge  without  losing  tho  gauge.  Thus,  it  wee 
routine  to  place  them  80  ft  from  a  30O-lb  depth 
charge  where  the  pressure  was  about  6,000  pal 
Pressures  os  high  as  30,000  psi  have  been  reliably 
measured. 

Ueny  hundreds  of  these  unite  were  made  by  the 
Stanolind  Oil  and  Gas  Company  [SOG],  a  contractor 
to  Division  2,  by  the  Beeves  Sound  Laboratory,  a  sub¬ 
contractor  to  the  Oceanographic  Institution,  and  by 
the  stall  at  UERL  itself.  These  sources  supplied 
gauges  to  many  other  laboratories.  They  were  used 
daily  for  the  routine  comparisons  of  different  explo¬ 
sive  compositions  and  for  other  atudica  at  scales  Tang¬ 
ing  from  a  few  grams  to  hundreds  of  pounds  of  ex¬ 
plosive.  A  complete  description  of  their  construction 
and  use  is  aveilable.,UU4U* 

In  order  that  a  piezoelectric  gauge  may  be  used  for 


absolute  pressure  measurements  it  ia  necessary  te  k 
calibrate  the  gauge.  This  is  usually  accomplished  by 
measuring  the  t-bsrgo  generated  by  the  gauge  when 
it  is  subjected  to  a  known  change  in  pressure  in  a 
compression  chamber  which  ia  filled  with  a  suitable 
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liquid.  Tho  changs  in  pressure  in  tho  calibration 
chamber  is  usually  brought  about  by  opening  a  noodle 
valvo  when  the  chamber  is  under  a  known  pressure, 
or  by  bursting  a  diaphragm  covering  an  opening  in 
tho  chamber.  The  main  difficulty  with  this  so-called 
static  method  is  that  the  change  in  pressure  cannot  be 
made  to  take  pleco  sufficiently  rapidly  to  compare 
with  tho  very  short  time  of  rise  of  pressure  which 
occurs  in  the  shock  wave.  It  is  also  not  known  to  what 
extent  reflections  and  oscillations  in  the  pressure 
chamber  may  affect  the  results.  Mounting  of  the  gauge 
in  the  pressuro  chamber  presents  another  problem. 
If  tho  crystal  element  slone  ia  mounted  in  tho  pres¬ 
sure  chamber,  it  is  not  definitely  known  whether  a 
calibration  of  this  typo  will  bo  the  same  after  the 
crystal  element  is  mounted  on  a  cable  and  the  whole 
assembly  is  waterproofed.  When  the  completed  gauge 
is  to  bo  calibrated,  the  gaugo  must  be  mounted  iu  the 
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chamber  through  a  gland  nut  on  the  gauge  cable,  a 
procedure  which  was  found  under  certain  conditions 
to  give  rise  to  spurious  electric  charge.  In  view  of 
these  problems  independent  methods  of  pressure  mea¬ 
surements  which  would  serve  as  a  check  on  the  piezo¬ 
electric  gauge  calibration  were  carried  out,  the  results 
of  which  an  mentioned  in  Section  L2.12.  On  the 
basis  of  these  results,  together  with  a  detailed  study 
of  the  static  calibration  method,  it  wee  concluded  that 
the  static  calibration  of  the  tourmaline  piezoelectric 
gauges,  when  carried  out  with  the  proper  precautions, 
is  adequate  for  most  ordinary  explosives  work. 

Tourmaline  has  a  particular  advantage  among  the 
various  available  crystals  which  show  the  piezoelectric 
effect  in  that  it  produces  an  electric  charge  when  sub¬ 
jected  to  a  hydrostatic  pressure,  that  is,  s  pressure 
uniformly  applied  to  all  surfaces,  whereas,  moat  of 
the  other  materials  commonly  employed  will  show  t 
charge  only  when  they  are  compressed  in  one  direc¬ 
tion  alone.  Thus,  quartz,  Rochelle  salt,  and  ammoui- 
um  dihydrogen  phosphate,  a  new  material  known  as 
ADP,  have  been  used  for  pressure  gauges  for  under¬ 
water  use  but  in  each  case  they  require  a  container 
designed  to  protect  the  edges  of  the  crystal  from  the 
pressure.  This  makes  the  gauge  more  complicated  and 
especially  makes  it  more  difficult  to  secure  the  high- 
frequency  response  that  is  necessary  in  order  to  record 
faithfully  very  short-time  phenomena.  Nevertheless, 
Rochelle  salt  and  the  ADP  crystals  have  certain  ad¬ 
vantages,  primarily  their  very  much  greater  sensitiv¬ 
ity.  Rochelle  salt  in  particular  is  100  times  as  aenai- 
.  live  as  tourmaline  or  quarts  but  has  a  very  serious 
drawback  in  that  it  is  highly  temporature-senaitive 
so  that  it  is  very  difficult  to  use  it  for  quantitative 
measurements.  Furthermore,  the  crystal  is  fragile  and 
eeriously  affected  by  moisture.  ADP  is  somewhat  less 
sensitive  than  Rochelle  aalt,  is  less  affected  by  tem¬ 
perature  but  is  also  fragile  and  moisture-susceptible. 
It  proved  to  be  quite  convenient,  howover,  for  sound 
ranging  setups  where  a  more  sensitive  pickup  was 
desired.  The  Road  Research  Laboratory  [RRL]  in 
Qreat  Britain  haa  successfully  used  quartz  gauges  for 
underwater  work.  Quartz  would  seem  to  have  little 
advantage  over  tourmaline,  since  it  is  no  more  sensi¬ 
tive  and  requires  a  container. 

Other  Electrical  Preoborr  Gacqec 
Early  in  World  War  II,  considerable  experimenta¬ 
tion  was  carried  out,  especially  by  DTMB,  on  resis- 
,  tance-type  pressure  gauges.1**  The  simplest  form  for 
this  is  a  small  radio  resistor.  The  applied  pressure  of 


the  shock  wave  compresses  the  resistance  clement  end 
thereby  changes  its  resistance  by  a  small  amount. 
These  have  an  advantage  over  idle  piezo  gauges  fas' 
that  they  are  of  low  impedance,  whereas  the  crystal 
gauges  are  of  very  high  impedance,  and  thus  subject 
to  the  difficulties  associated  with  high-impedance  cir¬ 
cuits.  On  the  other  hand,  the  resistance  gauges  which 
were  tried  were  not  very  successful,  partly  because  of 
their  very  low  sensitivity  which  meant  that  an  am¬ 
plifier  of  very  great  gain  was  necessary.  Another  dif¬ 
ficulty  was  the  fragility  of  all  those  gauges  which 
were  tried  and  the  fact  that  many  of  them  showed 
hysteresis,  that  is  to  say,  they  did  not  coma  back  to 
their  original  state  after  having  been  compressed.  It 
is  still  not  at  all  certain  that  further  research  could 
not  develop  a  successful  underwater  resistance-type 
gauge. 

In  principle,  it  should  be  possible  to  make  success¬ 
ful  underwater  pressure  gauges  using  the  condenser- 
microphone  principle  or  the  magnetostrictive  prin¬ 
ciple.  The  latter  effoot  was  successfully  used  in  under¬ 
water  microphones  but  no  effort  was  apparently  made 
to  adapt  them  to  the  high  pressure  and  short  dura¬ 
tions  encountered  in  shock  wave*.  This  could  prob¬ 
ably  be  done  and  might  yield  a  gauge  with  many 
advantages. 

Another  principle  partially  investigated  ia  based  on 
the  dependence  of  the  conductance  of  sea  water  itself 
on  pressure.  The  David  Taylor  Model  Basin  initiated 
some  investigations  at  Catholio  University  on  the 
effect  of  pressure  and  temperature  on  the  conductivity 
of  sea  water  but  practical  gauges  were  never  developed. 
This  is  a  promising  principle  and  probably  should  be 
followed  op. 

Recording  Methods  for  Electric 
Pressure  Gauges 

Since  the  tourmaline  gauges  are  almost  the  only 
ones  successfully  used  in  this  country,  a  brief  descrip¬ 
tion  of  the  other  components  necessary  for  their  em¬ 
ployment  will  be  given.***  These  additional  compo¬ 
nents  would  not  be  greatly  different  for  the  other 
types  of  gauges  but  some  modifications  would  be 
required. 

The  first  problem  is  that  of  a  suitable  cable  for 
transmitting  the  electric  impulses  from  the  crystal  to 
the  recording  equipment  This  proved  to  be  a  vory 
difficult  problem  because  ordiuary  rubber  cables,  for 
example,  give  rise  to  a  signal  themselves  when  com¬ 
pressed  by  the  pressure  wave.  Furthermore,  it  is  neces¬ 
sary  that  the  cable  be  mechanically  strong  since  it  is 
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roughly  handled  in  use  sod  by  the  explosion.  Its 
capacity  and  insulation  resistance  must  be  of  the 
right  magnitude  and  stable  with  time  and  treatment 
Cables  were  finally  found  which  satisfied  all  these 
requirements.  Especially  successful  was  the  cable  de¬ 
veloped  at  DTMB  which  employed  copper  tubing  as 
the  outside  shield.*'1  Much  thought  was  put  into  the 
problem  of  terminating  the  cable  properly  so  that  a 
length  of,  aay,  600  ft  would  transmit  faithfully  the 
signal  produced  by  the  gauges.  This  involved  the  de¬ 
sign  of  terminating  networks  which  not  only  com¬ 
pensated  for  electric  reflection  et  the  ende  of  the 
cablo  but  also  minimized  the  distortions  due  to  the 
dielectric  absorptions  of  the  cable  insulation.  This 
problem  was  quite  successfully  solved.1**  It  is  also 
necessary  to  havo  suitable  vacuum-tube  amplifiers 
with  a  broad  range  of  frequency  response,  sufficient 
gain,  high  stability  and  reproducibility,  and  a  linear 
response  with  amplitude.  These  were  obtained  by 
making  small  modifications  of  commercially  available 
equipment.**4  The  output  of  such  an  amplifier  waa 
fed  into  a  cathode-ray  oscillograph  [CEO]  tube  which 
was  equipped  with  an  elcctronio  time  base  so  that 
the  spot  of  the  oscillograph  swept  across  the  ecreen 
horizontally  with  time  and  was  deflected  upward  pro¬ 
portionately  to  the  applied  pressure.  This  trace  was 
then  photographed,  with  the  result  that  the  pressure 
as  a  function  of  time  was  permanently  recorded.  (See 
Figure  1.)  In  some  cases,  rotating  drum  cameras  were 
used  so  that  the  motion  of  the  film  provided  the  time 
axis.  Naturally,  other  auxiliary  circuits  such  as  oscil¬ 
lators  for  putting  on  timing  marks  to  measure  the 
time  scale,  calibration  equipment  for  putting  ampli¬ 
tude  marks  so  that  tho  pressure  could  be  determined 
numerically,  and  test  equipment  were  also  necessary. 
With  the  total  equipment  in  use  for  some  time  before 
the  end  of  World  War  II,  it  was  possiblo  to  make 
routine  daily  measurements  on  charges  of  a  great 
range  of  sizes  which  were  accurate  to  within  perhaps 
3  per  cent  as  far  as  peak  pressure  was  concerned. 
Furthermore,  impulse  measurements  to  better  than 
6  per  cent  and  energy  measurements  to  better  than  7 
or  8  per  cent  could  be  made.  Many  thousands  of  such 
records  wore  taken  at  TJEUL  during  World  War  II. 

A  background  of  four  years*  experience  in  design 
and  conntruction  of  instruments  for  recording  explo¬ 
sion  pressure-time  curves  in  the  field  has  shown  the 
importance  of  factors  which  are  of  less  concern  in 
laboratory  work.  These  considerations  are  doubtless 
familiar  enough  to  all  who  havo  made  such  measure¬ 
ments,  but  the  following  discussion  is  included  as  a 


possible  help  to  those  who  may  be  called  upon  to  plea, 
equipment  for  field  teste. 

Field  measurements  of  underwater  explosions  must 
frequently  be  made  under  adverse  conditions,  both  for 
the  operator  and  for  the  equipment.  Therefore,  it  ia 
important  that  the  equipment  function  properly  under 
orfavortble  combinations  of  temperature,  humidity, 
and  primary  power-supply  variations.  For  the  sake  of 
the  operator,  it  ia  also  important  that  the  necessary 
controls  he  simple  and  straightforward,  end  that 
proper  functioning  of  tho  equipment  be  easily  deter¬ 
minable.  The  possible  need  for  repair  ia  the  field  with 
limited  facilities  should  also  be  taken  into  account. 

A  particularly  important  consideration  is  the  fact 
that  explosions  occur  once  and  may  involve  consider¬ 
able  amounts  of  time,  effort,  and  money.  In  theaq 
circumstances,  equipment  which  fails  an  appreciable 
fraction  of  the  time  may  be  worse  than  useless. 

These  difficulties  of  field  work  underline  the  im¬ 
portance  of  mutual  understanding  on  the  pert  of  the 
man  who  develops  the  equipment  and  the  man  who 
uses  it  The  former  should  know  what  will  be  required 
of  the  equipment  and  should  have  field  experience; 
the  operator  should  have  some  knowledge  of  the  basio 
principles  of  the  equipment  in  order  to  use  it  intel¬ 
ligently.  When  a  new  type  of  measurement  ia  to  be 
undertaken,  the  design  of  needed  electronic  equipment 
must  be  based  on  knowledge  of  field  requirements  and 
what  is  reasonably  possible. 

The  actual  design  should  then  be  developed  to 
meet  the  requirements  with  a  minimum  of  adjust¬ 
ments  and  a  maximum  of  reliability.  Large  safety 
factors  should  be  allowed,  to  take  account  of  such 
things  as  tube  variations,  tolerances  of  component 
parts,  and  leakage  currents.  Good  mechanical  layout 
and  construction  and  clean  wiring  may  mean  the  dif¬ 
ference  between  servicing  in  the  field  and  stopping 
work  until  laboratory  repairs  can  be  made.  It  is  also 
worth  while  to  use  standard  and  readily  available 
components  as  far  as  possible. 

Tho  completed  instrument  should  be  tested  under 
actual  or  simulated  conditions  and  these  results  kept 
recorded  on  the  instrument  as  a  part  of  the  service 
record.  Routine  tests  and  inspections  of  all  equipment 
are  valuable  in  maintaining  it  at  peak  performance 
and  avoiding  breakdown. 

lu  Mechanical  Gauges 

The  piezoelectric  gauges  described  above  were  in¬ 
dispensable  for  an  accurate  picturo  of  the  pressure 
as  a  function  of  the  time  where  it  was  desired  and 
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they  were  entirely  practical  for  a  wide  range  of  saw. 
However,  mpedtlly  in  tha  early  day*  of  their  devilop- 
meat  and  for  many  apodal  application*  #v*n  now,  tha 
necessity  for  long  cablet  and  electric  equipment  on 
ahipboard  made  it  deairabla  to  baa*  mechanical  gaugaa 
which*  with  proper  ■  undera  tan  ding  of  tha  theory  of 
their  response,  enabled  certain  properties  of  the  abode 
vara  to  be  measured.  Hiatorically,  tha  mechanical 
gauges  were  doaetoped  before  the  electrio  one*,  though 
much  of  their  theory  wee  not  known  until  later. 

Thk  Bail  Cncsunn  Qaqok 

Probably  tha  most  auccaaaful  mechanical  gauge  Is 
the  ao-callad  ball  crusher  gauge  developed  by  NOLl.11’ 
Figure  88  ihowe  the  construction  of  this  simple  gauge 


Fiooaa  23.  Conitruottan  of  bull  eruttor  gauge. 


which,  it  is  aeen,  consists  of  a  copper  ball  held  between 
an  anvil  and  a  light  piston.  The  pressure  ware,  reach* 
ing  the  gauge,,  puehea  the  piston  against  the  ball  thus 
flattening  it  on  two  sides.  The  extent  of  the  depression 
is  measured  end  from  it  the  peek  pressure  in  the  wave 
can  bo  determined,  provided  soma  estimate  of  the 
duratiou  of  the  pressure  pulse  is  known.  The  ball 
crusher  gauge,  liko  all  mechanical  gauges,  does  not 
have  a  quick  enough  response  time  to  measure  peak 
pressure  directly  without  further  consideration.  The 
static  pressure  required  to  produce  a  given  deforms  - 
tion  on  the  coppor  sphere  con  be  measured  but  this 
cannot  be  converted  directly  into  peak  pressure  in  the 
shock  wave  without  two  corrections.  Iu  the  first  place, 
there  is  a  correction  of  approximately  20  per  cent  due 
to  the  increased  strength  of  the  copper  bells  at  high 
ratea  of  atmin  such  as  encountered  in  exposure  to  a 
shock  wave.,0i•M*•,,'  (Soe  Chapter  18.)  Another 
factor  affecting  the  conversion  of  ball  deformation 
to  peak  pressure  is  the  inertia  of  the  piston.  Because 
of  this  inertia,  the  standard  NOL  gauge  really  re* 
spond*  to  a  combination  of  peak  pressure  and  the  rate 
of  decay  in  the  first  60  or  70  pse c  of  tbs  shock  wave. 
It  will  thus  not  register  the  same  deformation  end. 


therefore,  not  the  same  apparent  pressure  for  5,000-pM 
peak  pressure  from  a  small  charge  aa  for  S,000*pd 
peak  pressure  from  a  large  charge  unless  this  time 
factor  is  taken  into  account.  Fortunately,  the  correc¬ 
tion  it  not  too  critical  provided  tha  charge  is  of  the 
order  of  tha  six*  of  eerrirt  weapons  or  larger  and  tha 
theory  is  adequate  to  taka  core  of  tha  difference.*** 
Therefore,  whan  pnpedjr  interpreted,  ball  crusher 
gauges  can  be  used  to  girt  peak-pressure  values  re¬ 
producible  to  8  or  8  par  cent  for  the  shock  wave  of 
a  large  charge.  It  is,  however,  necessary  to  be  sure 
that  the  wave  is  not  complicated  by  multiple  peaks  at 
ia  sometimes  tha  case,  especially  off  tha  end  of  tha 
charge.  It  ia  this  uncertainly  of  the  form  of  tha 
pressure-time  curve  from  special  situations  that  makes 
it  highly  desirable  to  have  electric  gouges  In  conjunc¬ 
tion  with  the  mechanical  gauges.  The  ball  crusher 
gauge  is  very  convenient  to  use  since  it  ia  self- 
contained,  small,  and  easily  read. 

Thiokt  or  thk  Ball  Cauamta  Qxuan 

The  response  of  the  ball  crusher  gauge  to  an  explo¬ 
sion  (hock  wave  can  be  treated  mathematically  by 
feimply  applying  Newton’a  lavra  to  the  motion  of  tha 
movable  piston.***’1**  The  effective  mass  of  the  pis¬ 
ton  Include*  small  correction  factors  for  the  mass  of 
the  copper  sphere  and  for  the  mass  of  tha  water  follow¬ 
ing  the  piston.  Tha  force  acting  on  the  piston  ia  ex¬ 
pressed  in  two  terns.  On*  term,  APnC***  represents 
tha  force  exerted  by  the  shock  wave  on  the  piston  of 
area  A  as  a  function  of  time.  (Set  Section  1.8.4.)  The 
other  force  term.  Ax,  represent*  the  resistance  of  the 
coppor  toll  to  plastic  deformation.  This  has  been 
found  to  to  linear  over  a  wide  range  of  deformation, 
and  A,  the  proportionality  factor  which  gives  the 
force  aa  a  function  of  the  piston  displacement  s, 
should  be  determined  by  appropriate  calibration  for 
each  production  lot  of  annealed  copper  spheres. 

The  sphere*  may  to  calibrated  statically  or  dynam¬ 
ically.  Since  they  are  deformed  at  high  rates  of  strain 
by  the  shock  wave,  it  i*  necessary  to  apply  a  correction 
factor  of  about  20  per  cent  in  oose  statio  calibrations 
are  employed,  Le.,  tho  proportionality  factor  A  should 
to  increased  by  20  per  cent  over  that  determined 
etatically.  At  UEBL  a  dynamic  calibration  waa  em¬ 
ployed  in  which  the  factor  A  waa  computed  from  the 
deformation  produoed  by  a  freo  felling  weight  which 
struck  the  sphere  with  known  energy. ,M*U‘  In  this 
case  the  rate  of  strain  effect  ia  auumod  to  be  the  same 
as  that  encountered  in  the  use  of  the  gauge. 

The  solution  of  tho  differential  equation  of  motion 
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for  the  piston  ia  valatively  simple.  The  ball  daforma.  Ih  or  greater  and  ia  quita  convenient  lor  relative  maa- 
tion  comepooda  to  the  maximum  value  of  the  piston  eurementa  inch  aa  in  the  oompariaoa  of  txploaiTee, 
displacement.  This  ma ximum  ia  reached  ia  130  or  A  gauge  eras  developed  at  the  Explosive* 

170  paw  in  the  standard  NOL  gauge  (effective  piston  Bassaxch  Laboratory  of  Division  81"  and  widdy  utiL 
mass  about  13  grama,  with  %-in.  copper  spheres),  ized  at  UERL.1*  This  gauge  consists  of  a  cylindrical 
Since  the  decay  of  the  shock  wave  may  be  appreciable  steel  box  with  a  steel  diaphragm  damped  over  tta 
during  this  tima,  especially  for  email  charges,  the  da*  front  opening.  (Sea  Figure  24.)  Tha  pressure  wave 
formation  does  not  directly  yield  an  estimate  of  peak  dishea  the  diaphragm  and  tha  central  deflection  ia 
pressure.  Fortunately,  tha  theory  gives  quantitatively  measured.  Fox  quita  small  charges  of  the  order  of  a. 
the  relation  between  deformation,  peak  pressure,  and  pound  or  so  (I  aa  60  j*sec),  this  gauge  seams  to  meat* 
time  constant  so  that  true  peak  pressures  can  be  com*  ure  a  quantity  moderately  cloeely  proportional  to 
puted  from  tha  deformations  provided  an  estimate  of  tha  impulse  in  the  wave  but  with  chargee  of  800  D» 
9,  the  time  conrtant,  la  available.  The  dependence- 
on  #  becomes  very  small  for  large  charges  such  aa 
service  weapons,  for  which  the  decay  in  pressure  ia 
small  over  the  period  of  response  of  the  gauge,  so  that 
tha  ball  crusher  gauge  acts  very  nearly  u  a  direct 
peak-pressure  gauge  under  these  conditions  (I  >>  170 
jiaec.)  It  is,  of  course,  necessary  to  remember  that  tha 
simple  form  of  the  theory  mentioned  here  assamse 
exponential  decay  of  the  shock  wave.  If  tha  shock 
wave  form  ia  complicated  (u  it  is  off  the  ends  of  tom* 
service  weapons) 'lk,m  the  interpretation  of  the  gauga 
readings  becomes  considerably  more  complicated.1  “ 

Dixphjuom  Gauges 
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Another  simple  type  of  mechanical  gauge  ia  tha  to* 
called  Modugno  gauge(,>r  which  consists  of  a  copper 
diaphragm  about  1%  in.  in  diameter  clamped  over  a 
small  air  space.  (See  Figure  23.)  Tha  pressure  wave 


dishes  in  the  soft  copper  diaphragm  and  the  deforma¬ 
tion  can  easily  be  measured.  This  deformation  is  quite 
reproducible  but  is  not  simply  related  to  the  applied 
prasjua.  In  other  words,  the  statio  pressure  required 
to  produce  a  given  deformation  is  not  simply  related 
to  the  dynamic  peak  pressure  which  produces  the 
same  deformation.  The  gauge  is,  however,  essentially 
a  peak  pressure  gauga  for  charges  of  the  order  of  300 


Fiona  24.  Assembly  tf  underwater  steel  «n*|ibtep»> 
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or  greater  (6  as  500  pace),  it  appears  to  be,  both  then* 
retically  and  experimentally,  essentially  a  peak- 
pressure  gauge,  since  the  deflection  time  is  of  tha 
order  of  170  psec.  It  is  morn  .eproducible  when  prop¬ 
erly  employed  but  not  quite  so  convenient  as  tha  ball 
crusher  and  the  Modugno  gauges  because  of  its  larger 
size  and  weight.  Because  of  its  simplicity,  however, 
in  addition  to  its  usefulness  for  measuring  the  relative 
effectiveness  of  different  explosives,  it  proved  to  be  a 
convenient  gauge  for  experimental  studies  of  the  more 
fundamental  properties  of  underwater  explosions 
which  are  important  in  damage  to  steel  plates.  These 
studies,  theoretical  aa  well  as  experimental,  were  men¬ 
tioned  in  Section  1.3.2. 

Piston-Type  Momentum  Gauge* 

When  used  with  largo  charges,  all  of  the  above  men¬ 
tioned  gauges  give  an  indication  of  the  peak  pressure. 
It  is  very  desirable  to  have  a  mechanical  gauge  which 
can  measure  the  impulse  in  the  wave  since  impulse, 
under  certain  conditions,  is  a  more  important  quan¬ 
tity  than  peak  pressure  in  so  far  as  damage  is  con¬ 
cerned.  Sillier  in  Great  Britain  developed  such  a 
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gang*  just  after  World  War  L"*  This  gauge  consists 
of  a  steel  block  with  a  long  cylindrical  hole.  In  the 
hole  is  a  copper  cruher  cylinder  each  u  need  in  gun 
gat:  gee,  and  a  eteel  piston.  It  differs  from  the  ball 
pressure  gauge  in  that  the  piston  has  considerable 
mass  end  length.  Figure  25  shows  the  construction  of 
am  of  these  piston-type  gauges.  Since  Hie  piston  is 


the  seme  principle.  The  theory  of  piston  gauges  hae 
been  treated  in  some  detail  recently."* 

The  results  of  ell  types  of  preesare  gauge*  are  in* 
fioenced  by  the  way  in  which  they  are  mounted  and 
by.  the  surroundings.  Thus  e  gauge  mounted  hi  a 
large  end  eery  thick  steel  bade  win  read  approxi¬ 
mately  double  the  peak  pressure  which  will  be  mea- 
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reasonably  heavy,  it  takes  a  certain  amount  of  time 
to  accelerate.  There  ia  a  gap  between  the  end  of  the 
piston  end  the  copper  crusher  so  that  the  piston  can 
accumulate  momentum  before  striking  the  copper 
cylinder.  By  making  certain  simplifying  assumptions, 
the  mathematical  treatment  of  this  system  is  not  diffi¬ 
cult  and  shows  that  the  deformation  of  tho  copper 
crusher  cylinder  can  be  interpreted  in  terms  of  the 
impulse  in  the  shock  wave  up  to  e  certain  time.  By 
hamg  a  number  of  these  gauges  with  different  piston 
masses  end  length  of  travel  it  it  possible  to  block  out, 
roughly,  the  form  of  the  pressure-time  curve  by  means 
of  purely  mechanical  instruments.  This  gauge  was 
used  v«7  successfully  by  Hilliar.  However,  it  requires 
extremely  careful  handling  end  has  not  been  so  suc¬ 
cessful  in  the  hands  of  investigators  during  World 
War  II  as  it  wta  with  Hilliar.  Nevertheless,  it  is  ■ 
useful  instrument  A  number  of  variations  on  this 
design  have  been  made  but  they  all  utilise  essentially 


sured  by  a  gauge  in  free  water.  Thia  is  because  of  the 
doubling  of  tho  pressure  by  the  superposition  of~the 
incident  and  reflected  waves.  However,  the  baffle  has 
to  be  8  or  4  ft  thick  before  this  effect  is  detected  by 
most  mechanical  gauges  because  these  instruments 
require  s  certain  finite  time  to  operate  and  this  time 
must  be  small  compared  with  tho  travel  time  of  the 
wave  hack  and  forth  through  the  steel  baffle.  Gauges 
are  also  affected  by  their  orientation  relative  to  the 
oucomiug  wave.  It  is  customary  to  use  the  mechanical 
giuges  described  above  face -on  to  tho  explosion,  exoept 
Hilliar  and  momentum  gauges.  The  amount  of  inertia 
attached  to  the  gauge,,  i.e.,  the  massiveness  of  its 
mounting,  hts  been  found  to  be  relatively  unimpor¬ 
tant  This  has  some  influence  on  the  results  but  for¬ 
tunately  the  ball  crusher  gauges,  at  any  rate,  seem  to 
function  quite  reproducibly  with  very  little  backing. 
In  ell  esses  it  is  desirable  to  mount  the  gauges  as  far 
from  reflecting  obstacles  u  possible.  This  is  particu- 
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larty  true  of  the  piezoelectric  gauges  which  arc  caps- 
ble  of  yielding  the  complete  presjurc-time  curve.  T 
Nearby  solid  objects  will  reflect  portions  of  the  wave 
striking  them  and  these  reflections  will  be  picked  up 
by  the  piezo  gauges.  It  is  definitely  bad  to  use  wqod 
for  mounting  any  type  of  underwater  piearuw 
gauge.'*1  Apparently  this  low  density,  soft  material 
reflects  a  rarefaction  ware  and  serious  errors  may  be 
obtained  if  the  pieces  of  wood  are  placed  near  any  of 
the  above  gauges. 

w  Photographic  Methods 

One  of  the  most  interesting  and  fruitful  techniques 
for  the  study  of  underwater  explosion  phenomena  it 
'hat  of  photography.  Several  photographic  methods 
have  been  developed  by  meana  of  which  there  have 
been  obtained  detailed  pictures  of  a  number  of  tho 
phenomena  which  occur  in  connection  with  thcae  ex¬ 
plosions. 

Flash  Ciuuok  Fhotookjtkt 

One  of  the  most  useful  devices  was  the  invention 
at  the  Explosives  Research  Laboratory  of  Division 
8  of  tho  ezplosivo  flash  bulb.  This  source  of  illumina¬ 
tion  can  be  made  to  give  a  very  bright  flash  of  light 
lasting  only  a  few  j*sec,  which  is  a  sufficiently  short 
time  to  "stop”  tho  shock  wave  in  its  rapid  motion. 
This  flash  bulb  consists  of  a  spherical  charge  of  high 
explosive  surrounded  by  a  very  thin  layer  of  argon  gas 
in  a  transparent  container.  The  explosivo  is  detonated 
from  its  center  by  means  of  a  Primacord  fuze.  There¬ 
fore,  tho  detonation  wave  should  reach  all  points  of 
tho  surface  of  the  sphere  simultaneously,  sending  a 
shock  wave  through  tho  argon  gas.  This  6hock  wave 
heats  the  gas  to  an  extremely  high  temperaturo  and 
causes  it  to  emit  a  flash  of  light.  The  duration  is  short 
because  the  time  required  for  the  shock  wave  to  pass 
through  the  gas  is  very  short.  Synchronization  of  the 
firing  of  tho  flash  lamp  and  the  phenomenon  to  bo 
atudied  is  readily  accomplished  by  means  of  the  Pri¬ 
macord  fuze.  The  flash  charge  and  the  charge  being 
studied  are  both  connected  by  predetermined  lengths 
of  Primacord  to  the  came  detonator  cap,  so  as  to  ex- 
plodo  the  two  charges  at  the  proper  time  interval. 
Standard  cameras  can  bo  utilized  provided  they  are 
contained  ia  a  strong  metal  cylinder  with  a  thick  glass 
window  to  protect  them  from  the  explosions,  Simple 
relays  may  bo  used  to  open  the  shutter  beforo  the  event 
and  close  it  shortly  thereafter.  Details  cf  these  tech¬ 
niques  have  been  described  elsewhere.''  (See  also 
Division  8,  STR.) 


Fiouna  20.  Flash  photograph  allowing  shook  wave  and  gM 
bubble  of  long  cylindrical  charge  detonated  at  ona  end. 


Fiouas  27.  Hash  photograph  of  3)f-io.  equilateral  oast 
pea  toll  to  cone  detonated  at  apex. 
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Figure  3  (Section  1.2.4>  show*  on  underwater  ex¬ 
plosion  at  a  time  when  the  bubble  has  expended  to  a 
tadhu  of  about  three  time*  the  radius  of  the  original 
charge.  The  photograph  show*  clearly  the  outline  of 
the  original  charge  became  enough  light  waa  emitted 
by  iu  detonation  to  record  it*  ahape  ou  the  film.  Later, 
when  tho  flash  charge  was  fired*  the  outline  of  the 
bubble  and  the  aflhouette  of  the  rN~i  wave  wart  re¬ 
corded.  Tha  shock-wave  surface  ia  quite  iwnoth.  which 
is  also  to  be  expected  theoretically  since  any  irr***' 
lari  ties  ahould  rapidly  smooth  themaelvea  out.  Notice 
dso  that  the  bubble  surface  docs  not  allow  pronounced 
irregularities. 

Tha  ahape  of  tha  shock  wave  about  the  charge  re¬ 
flect*  the  shape  of  the  charge.  Spherical  ’chargee  (rot 
Figure  2  and  Figure  3,  Section  1.2.4)  give  spherical 
shock  wave*,  whereas  elongated  elupee  ((Figure  26) 
give  distorted  ellipsoidal  shock  waves  with  this  broad 
end  at  the  cap  end  of  the  explosive.  Figure  27  shows 
a  photograph  of  a  conical  charge  detonated  at  the 
•pax. 

An  example  of  the  use  of  photographic  techniques 
for  quantitative  studies  is  the  evaluation  of  shock¬ 
wave  parameters  by  the  so-called  optical  distortion 
method.1"*1**  Figure  28  show*  tho  apparent  distor¬ 
tion  of  a  grid  ruled  on  a  Lucite  sheet  as  viewed 
through  a  spherical  shock  wave.  Several  variations  of 
the  experimental  setup  are  possible,  but  in  the  case  il¬ 
lustrated  the  grid  ie  in  a  plane  through  the  center  of 
the  shock-wave  sphere.  It  is  possiblo  to  develop  a 
theory  which  relates  the  displacement  of  tlx*  grid  in¬ 
tersection*  from  where  they  would  appear  in  the  ab¬ 
sence  of  the  shock  wave  (obtained  by  extrapolation  of 
the  line*  outside  tho  shock  front)  to  the  peak  pressure 
and  decay  constant  of  the  shock  wave.  A  knowledge  of 
the  index  of  refraction  of  sea  water  u  a  function  of 
pressure  is  required.  It  is  necessary  to  design  the  ex¬ 
periment  with  •n’est  care  so  that  all  the  distances  and 
augles  required  in  the  theoretical  analyses  are  known 
with  sufficient  precision.  Besults  obtained  by  thia 
method  were  quoted  in  Section  1.2.18. 

Another  promising  application  of  flash  photo¬ 
graphic  techniques  involves  a  double  exposure  accom¬ 
plished  by  the  use  of  two  flash  charges  detonated  a 
known  interval  of(timo  apart.  From  the  two  shock¬ 
wave  silhouettes  on  the  resulting  photograph  the 
mean  propagation  velocity  can  be  measured  and  hence 
the  peak  pressure  in  the  shock  wave  can  be  derived 
(see  Section  1.2.12).  This  mothod  has  been  explored 
but  has  not  u  yet  fully  developed." 

An  important  series  of  studies  on  cavitation  waa 


carried  out  ««l"g  underwater  flash  charge  photo¬ 
graphy.  Illustrations  have  already  been  given  of  tho 
cavitation  produced  when  a  shock  wave  la  reflected 
by  e  free  surface  and  when  a  thin  ‘  aif-backod  dia¬ 
phragm  is  damaged  (Section  1.2.6*  Figure  6  and 


Fiotra*  28.  Flash  photograph  of  shook  wave  travanhig 
rated  grid. 


Figure  11).  Figure  20  shows  the  extent  of  tho  cmvi- 
tated  region  under  certain  conditions  of  shock-wav« 
attack  ou  heavy  free  air-backed  plates.  In  these  cases, 
heavy  steel  disks  were  attached  to  air-fllled  pipe  aeo- 
tions  of  larger  diameter  by  very  thin  diaphragms  so 
that  the  resistance  to  displacement  waa  essentially 
all  from  the  inertia  of  tlx*  heavy  disk,  tho  strength 
of  the  thin  diaphragm  being  negligible.  The  extent 
and  shape  of  tho  cavitated  region*  correspond  roughly 
to  those  computed  from  the  results  of  the  theoretical 
analysis  of  the  systems.  The  theory  takes  into  account 
the  time  variation  of  the  pressure  at  any  point  in  tha 
water  due  to  the  incident  pressure  wavo,  tho  reflected 
waves  from  tho  accelerating  disk,  and  the  diffracted 
waves  from  regions  around  the  target. 

Tho  significance  of  these  experiments  is  chiefly  in 
the  fact  hat  they  constitute  an  experimental  verifi¬ 
cation  of  the  essential  correctness  of  the  theory, 
including  the  offect  of  cavitation,  for  ahock-wav« 
interaction  with  this  simple  type  of  target  It  is  chsr- 
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acteriatie  of  the  eo-ceUed  fundamental  approach  to 
a  problem  that  one  should  proceed  step  by  step  along 
a  course  of  mvestigation  in  which  general  principles 
determining  the  phenomenon  are  postulated  then 
tested  under  conditions  which  are  as  simple  as  pos¬ 
sible.  In  this  way  false  starts  may  be  eliminated  more 
efficiently,  and  if  one  eventually  establishes  the  fun¬ 
damental  laws  of  nature  which  control  the  phenom¬ 
ena,  the  usually  more  complicated  practical  problems 
may  then  bo  attacked  with  contidence. 

Since  the  occurrence  or  nonoccurrence  of  cavitation 
hej  an  importance  in  determining  damage  to  targets 
or  response  of  gauges,  many  photographs  designed  to 
detect  cavitation  were  taken  at  TJEBU  For  example, 
cavitation  was  shown  not  to  occur  under  the  normal 
conditions  of  use  of  the  mechanical  gauges  employed 
but  was  shown  to  occur  when  tho  cylindrical  shell 
models  were  appreciably  damaged. 

The  use  of  flash  chargo  photography  to  show  the 
Mach  phenomenon  of  shock  wavs  interaction  was 
mentioned  in  Bection  1.2.5. 

Hioh-Spked  Motion  Picture  Photography 

In  addition  to  the  flash  charge  techniques  for 
photographing  underwater  explosion  phenomena, 


high-speed  motion  picture  photography  ( 100  to  3,000 
frames  per  sec)  has  been  successfully  used.  This  re¬ 
quires  intense  light  sources  which  must  have  dura¬ 
tions  at  least  as  long  os  the  phenomena  being  photo¬ 
graphed.  For  this  purpose,  ordinary  photographio 
flash  bulbs  have  been  used,  and  some  progress  has  been 
made  in  the  development  of  a  suitable  underwater 
flare.  To  date,  high-speed  motion  picture  techuiquea 
have  been  used  primarily  to  study  explosive  damage  tc 
underwater  targets  (eee  Figure  18,  Section  1.3.4)  and 
to  study  the  behavior  of  the  gas  bubble.  From  these 
photographs,  measurements  of  the  bubble  radius  and 
the  bubble  migration  can  be  made. 

As  in  the  flash  photography  techniques,  the  camera 
is  contained  in  a  heavy  watertight  case  equipped  with 
a  small  window.  In  principle  there  is  no  limit  to  tho 
aizo  of  charge  which  can  be  photographed,  provided 
the  water  is  of  sufficient  clarity  and  tho  lighting  suffi¬ 
ciently  intense.  Considerable  development  bas  taken 
place  to  perfect  intense  underwater  light  sources  and 
further  developments  are  foreseen.  However,  the 
clarity  of  the  water  is  a  serious  limitation  since  sea 
water,  in  general,  is  very  turbid,  and  thus  work  with 
only  very  small  charges  can  be  carried  out.  Where 
larger  charges  or  targets  are  to  bo  photographed,  the 
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experiments  must  be  carried  eat  hi  localitlea  where 
the  tea  water  ia  sufficiently  dear,  for  example,  in  the 
Gulf  Stream,  or  near  the  'Bahama  Islands  or  Cuba. 
The  Underwater  Explosives  Research  Laboratory  hu 
seni  expeditions  for  photography  work  into  each  of 
these  locations.  There  are  other  localities  where  the 
water  is  sufficiently  clear  during  certain  seasons  of 
the  year. 

The  photographic  techniques  for  studying  the  dam* 
age  process,  as  well  aa  explosion  phenomena  in  gen* 
eral,  offer  great  promise  and  should  be  pursued  fur* 
ther.  Considerable  thought  should  be  given  to  the 
selection  of  a  suitable  location,  and  it  wonld  appear 
desirable  for  some  branch  of  the  military  to  establish 
facilities  at  the  location,  wliich  preferably  should  he 
close  to  a  shore  laboratory. 

l  i-4  Measurements  of  Explosion-Generated 
Surface  Waves 

Personnel  of  UERL  have  conducted  experiments 
involving  charges  of  from  300  to  30,000  lb  to  deter¬ 
mine  the  efficiency  of  explosive  generation  of  surface 
waves  and  the  associated  underwater  pressure  varia¬ 
tions.*1  (Soe  Section  1.2.9.)  In  general,  the  pressure 
variations  on  the  bottom  in  shallow  water  wore  deter¬ 
mined.  These  are  simply  related  to  the  amplitude  of 
the  eurfaco  waves  if  the  latter  are  assumed  to  ho  sinu¬ 
soidal.*1*  The  present  variations  fall  off  with  depth 
iu  a  manner  dependent  upon  the  wavelength.  The 
most  successful  measuring  instrument  was  the  NOL 
Mark  1  hydrophone  in  which  the  displacement  of  a 
diaphragm  was  measured  electromaguetically,  To 
check  upon  the  absolute  values  observed  with  this 
hydrophone,  other  devices  were  developed  at  TJERL 
but  not  extensively  used.  A  sylphon  differential  pres¬ 
sure  meter  suitably  protected  against  shock-wave 
dumoge  gave  results  in  good  agreement  with  the  NOL 
hydrophone.  The  pressure  on  the  sylphon  wsa  re¬ 
corded  electrically  through  the  output  of  a  photoelec¬ 
tric  cell,  the  illumination  on  which  was  determined 
by  the  Bjlphon  distortion.  Some  photographic  records 
of  the  surface  waves  were  taken,  but  these  wore  diffi¬ 
cult  to  interpret  satisfactorily. 

14  5  Location  of  Underwater  Explosions 

One  of  the  practical  problems  which  UERL  was  able 
to  solve  satisfactorily  was  that  of  testing  tho  fuzes  on 
various  types  of  underwater  weapons  to  soe  whether 
they  functioned  under  actual  service  conditions  at 
the  depths  for  which  they  wore  set.  This  problem 


provides  an  excellent  Illustration  of  the  principle  that 
practical  problems  can  beat  be  solved  by  making  use 
of  knowledge  of  the  fundamental  physics  and  chem¬ 
istry  of  the  problem  rather  than  by  relying  on 
strictly  empirical  procedures.  Thus  observations  have 
been  made  on  the  nature  of  the  domes  and  plumes 
from  underwater  explosions  at  various  depths  (75  ft 
and  less)  and  thia  procedure  hu  been  employed  to 
estimate  the  depth  at  which  various  depth  bomba  and 
depth  charges  function.  At  the  time  these  investiga¬ 
tions  were  made,  the  bubble  oscillation  phenomenon 
was  not  known  in  this  country  so  that  the  conclusions 
were  based  on  purely  empirical  observations.  Knowl- 
v^e  of  the  bubble  oscillation  phenomenon  and  its 
Diot.i  under  gravity  permits  one  to  predict  that  the 
empirical  method  based  on  the  time  of  appearance  of 
plumes  will  be  quite  inaccurate  at  the  depths  of  moat 
interest,1**'1*'  Because  of  the  rapid  upward  motion 
of  tho  bubble  during  its  contracting  phase,  the  time  in¬ 
terval  between  the  beginning  of  the  surface  phenom¬ 
enon  and  the  break-through  of  the  plume  ia  not  a 
sensitive  function  of  the  depth  as  had  been  assumed 
previously.  The  use  of  this  time  interval  to  determine 
depth  can,  therefore,  not  be  recommended. 

The  knowledge  gained  from  their  studies  of  the 
physics  of  underwater  explosions  enabled  tho  staff  at 
UERL  to  devise  a  number  of  successful  methods  of 
solving  this  problem  which  turned  out  to  be  quite 
simple  to  apply. 

Tiib  Souwo-Ranoimo  Method 

The  moBt  obvious  method  is  to  set  up  a  sound- 
ranging  system,  that  is  to  say,  a  scries  of  sound  pick¬ 
ups  connected  to  an  oscillograph  hvotem,  to  that  tha 
time  intervals  between  tho  arrival  of  the  shock  wave 
at  the  various  pickups  can  be  measured.  It  the  time 
interval  between  the  arrival  of  the  abrek  wave  from 
an  underwater  explosion  at  two  known  points  and  tha 
shock  velocity  ovor  this  interval  are  accurately  known, 
the  location  of  the  ix plosion  is  restricted  to  a  surface 
defined  by  tho  observed  time  interval,  this  surface 
being  a  hybaiboloid  of  revolution  about  tho  line  join¬ 
ing  the  two  points.  Two  independent  time  interval 
observations  ere  required  to  locato  the  explosion  on 
a  curve  which  is  the  intersection  of  two  such  surfaces. 
Three  independent  time  intervals  (from  four  pickup 
stations)  would  be  required  to  fix  the  location  of  the 
explosion  as  a  known  point  in  space. 

In  the  system  developed  at  UERL,”  tho  arrival  of 
the  shock  wave  at  three  tourmaline  piezoelectric 
gauges  on  a  vertical  line  gave  two  independent  time 
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intervals,  and  the  results  fix  th«  explosion  mm  a* 
somewhere  on  a  horizontal  dido  at  depth  D  and  at 
radius  5,  with  the  center  on  the  vortical  line  through 
the  gauge*.  (Thie  system  doee  not  determine  the  di¬ 
rection  of  the  expiation  relative  to  the  gauge  line.) 
Additional  time  intervale  from  the  arrival  of  snxlaca 
and  bottom  reflection*  at  the  gaagee  oy  he  need,  to 
obtain  altemativu  valnee  of  the  depth  end  to  apply 
approximate  corrections  for  deviations  of  the  gauge 
Une  from  the  vertical.  The  gauge  line  vu  connected 
by  1,200-ft  cablet  to  recording  oedUographa  aboard 
a  veaial  holding  the  goer  againat  the  tide.  A  bomb  tar¬ 
get  was  towed  100  ft  from  the  gauge  Une. 

Several  eerie*  of  tests  were  eondneted  in  Vineyard 
Sound  on  verioua  fuse  type*  in  two  type*  of  aircraft 
depth  bomb«."‘u*'M>  The  bomba  were  dropped  from 
airplane*  traveling  at  about  150  knots  at  an  a'tituds 
of  about  100  ft  The  result*  indicated  Mist  previous 
fuxe- testing  procedure*  were  not  valid,  end  that  many 
ox  the  fuze*  tested  under  these  conditions  fired  at 
considerably  greater  depths  than  they  were  enppoeed 
to,  as  determined  by  statie  calibrations  in  a  pressure 
chamber.  This  malfunctioning  confirmed  suspicions 
which  originated  from  an  analyses  of  operational  per¬ 
formance  of  the  fuze  type*  involved. 

Hrhom  Based  ox  Obsrbtatxom  op 
Sparse*  Phxuojuxs 

In  conjunction  with  tests  at  shallow  depths,  aeveral 
methods  of  determining  the  depth  of  explosions  shal¬ 
low  trough  to  produce  surface  upheavals  have  been 
developed,  stray  of  these  methods  are  modifications 
u*  i  he  dome  analysit  method*.-**'1*4  Thie  method  it 
bared  on  the  shape  of  the  dome  and  it,  in  principle, 
independent  of  ilia  charge  weight  The  shape  of  the 
dome  is  treated  ea  determined  by  the  obliquity  of  the 
shock  wave  to  the  surface  a*  a  function  of  the  hori¬ 
zontal  radius  from  the  center  of  the  dome,  and  the 
depth  may  be  readily  determined  by  rather  simple  geo- 
tn~*ric*il  considerations.  A  determination  of  a  distance 
scale  fur  the  photographs  is  required. 

Several  other  methods  employed  the  known  relation 
between  shock  wave  peak  pressure  and  the  spray  par¬ 
ticle  velocity  in  the  dome.*,-*Ma  As  applied,  this 
method  involved  an  empirical  extrapolation  to  deter¬ 
mine  the  initial  spray  velocity,  because  photograph¬ 
ically  observed  velocities  were  often  abnormally  high 
for  the  first  few  tenths  of  a  second.  Use  was  mads  of 
the  piczocledrically  determined  dependence  of  the 
peak  pressure  on  the  distance  from  the  bomb  used. 


Both  time-  and  distance-scaled  motion  pictures  are 
(squired  for  these  method^  sad  the  calculation*  are 
sometimes  H'wl* 

A  very  simple  empirical  method  vu  devised  at 
TJERL  following  a  study  of  the  surface  phenomena 
of  a  aeries  of  Hark  £4  depth  bomba  (250  lb  of  torpex) 
detanalrd  at  various  depths  from  15  to  73  ft  This 
ratio  K  n/dsa  of  the  dome  height  to  the  diameter  *t 
the  dome  base  at  the  time  of  the  first  plume  phe¬ 
nomenon  was  found  to  be  related  to  the  depth  by  the 
empirical  equation 

Depth  (Hark  54)  =  19.4  Qff*"  ft 

This  methfd  required  neither  time  nor  distance 
scales,  and  is  recommended  for  um  in  the  future  for 
routine  testa  of  production  lots  of  fuses.  A  calibration 
should  be  mads,  however,  by  firing  at  known  depths, 
a  series  of  the  weapon  in  which  the  fusee  are  to  be 
qped.  Unskilled  personnel  can  be  taught  easily  the 
proper  procedure  for  smoothing  (or  averaging  out) 
irregularities  in  the  dome  contour  ao  as  to  get  repro¬ 
ducible  measurements  of  the  ratio  5s/d». 

'Dxmuuraxiou  or  thx  Duth  or  Diet  Exkajsiohs 

For  the  location  of  deep  explosions, ■**  the  sound- 
ranging  procedure  waa  successfully  modified  so  that 
pressure  pickups  could  be  positioned  as  deep  u  800 
It  A  Va-lb  charge  waa  fired  at  a  known  position  with 
respect  to  the  ranging  system  within  2  tec  after  the 
weapon  being  tested  bad  been  detonated.  By  this 
means  any  deviation  of  the  gauges  from  a  vertical 
straight  Une,  due  to  slight  currents  in  the  water, 
could  be  detected  and  corrected  for.  In  addition,  an 
independent  and  much  simpler  method  waa  used,14* 
namely  the  measurement  of  the  period  of  the  bubble 
oscillation,  which  ia  a  simple  function  of  the  depth 
(see  Section  1.2.6).  This  method  gave  results  in  ex¬ 
cellent  agreement  with  the  sound-ranging  method  and 
is  much  easier  to  apply  experimentally  since  only  n 
single  pickup  and  oscillograph  circuit  are  required, 
and  the  pickup  position  is  relatively  immaterial. 

An  extensivo  investigation  of  the  British  Squid 
projectile  was  carried  out  by  the  UERL  staff  in 
Tongue  of  the  Ocean  in  the  Bahama  Islands,  utilizing 
a  sound-ranging  system  and  the  bubble  pulse  method. 
As  an  example  of  the  precision  of  these  methods. 
Figure  30  shows  the  depth  as  s  function  of  time  for 
this  weapon.  It  was  possible  to  determine  the  location 
of  an  explosion  800  ft  down  with  considerable  pro- 
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u  DESCRIPTION  OF  RESEARCH 
FACILITIES  AT  THE  UNDERWATER 
EXPLOSIVES  RESEARCH  LABORATORY 

It  seems  worth,  while  to  give  e  brief  description  of 
the  facilities  available  at  UERL  because  the  experi¬ 
ence  gained  in  this  undertaking  might  be  useful  to 
others  planning  to  set  up  a  laboratory  for  similar  types 
of  research.  It  should  be  stated  that  this  laboratory 
was  originally  planned  to  be  a  very  small  group  of 
perhaps  half  a  dozen  investigators  but,  as  it*  problems 
multiplied,  the  project  was  expanded  until  it  ultimate¬ 
ly  had  a  total  staff  of  between  80  and  100  persons. 
Naturally,  many  things  would  have  been  done  differ* 
cntly  if  the  project  had  been  planned  for  this  size  in 
its  beginning  stages. 

The  requirement  which  determined  the  location  of 
the  laboratory  was  the  availability  of  a  well-equipped 
research  laboratory  with  water  of  at :o*t  20-ft  depth 
in  which  explosions  could  bo  sot  off  immediately  ad¬ 
jacent  to  the  laboratory.  Although  experiments  with 
charges  larger  than  a  fraction  of  a  pound  could  not 
be  made  at  the  location  next  to  the  building,  neverthe¬ 
less,  the  possibility  of  carrying  out  small-scale  experi¬ 
ments  so  conveniently  was  continuously  utilized  and 
was  very  important.  It  was,  furthermore,  necessary 
that  there  be  deeper  water  at  not  too  great  a  distance 
from  the  laboratory  and  that  the  surroundings  not 
be  uuilt  up  to  such  an  extent  that  the  annoyance  and 
damage  caused  by  explosions  would  preclude  work  of 
this  type.  Questions  of  climate  were  considered  but 
no  location  which  seemed  to  be  available  mot  the 
ideal  specifications  in  this  regard. 

The  location  at  Woods  Hole  involved  working  at 
the  Woods  Hole  Oceanographic  Institution  [WHOI], 
which  possesses  a  well-equipped  research  laboratory 
with  office  space,  machino  and  carpenter  shops,  stor¬ 
age  rooms,  electric  supplies  of  various  types  and,  most 
important  of  all,  a  history  of  experience  in  carrying 
out  experiments  at  sea.  The  town  of  Woods  Hole  pro¬ 
vided  reasonably  comfortable  living  conditions  for  the 
members  of  the  staff  and  their  families. 

Explosives  were  stored  on  a  nearby  island  on  which 
magazines  were  constructed.14'  The  storage  of  explo¬ 
sives  is  ono  of  the  moat  difficult  problems  encountered 
in  sotting  up  a  laboratory  of  this  typo.  Experience 
showed  that  it  was  absolutely  essontial  that  supplies 
of  explosives  end  storage  of  weapons  for  testing  should 
bo  readily  available  and  under  the  direct  control  of 
the  laboratory.  Whenever  it  was  necessary  to  rely  on 


other  agenciea  for  such  explosives,  delays  were  almoat 
inevitable. 

Another  essential  feature  of  this  laboratory  was  a 
casting  or  preparation  house  in  which  explosive 
charges  were  made  up  in  the  forma  desired.  This 
house  was  also  located  on  the  island  and  was  of  very 
simple  construction.  It  contained  melting  kettles 
which  were  used'  for  the  preparation  of  cast  charges 
of  a  great  variety  of  shapes  and  sizes.  This  installa¬ 
tion  also  was  under  the  complete  control  of  the  labo¬ 
ratory  and  was  thus  tble  to  provide  the  needed  chargee 
without  the  delays  which  are  so  common  when  the 
jurisdiction  over  the  supply  is  different  fr<  m  that  of 
the  laboratory. 

.Explosives  were  fired  underwater  et  a  number  of 
locations.  Charges  up  to  about  half  a  pound  were 
lowered  to  appropriate  depths  in  the  water  adjacent 
to  the  institute  dock.  This  was  extremely  convenient 
because  short  electric  connections  were  possible  to  in¬ 
struments  in  the  laboratory  buildings.  Work  can  be 
carried  out  vory  much  more  rapidly  when  the  firing 
point  is  readily  accessible  to  the  main  laboratory  as  it 
was  in  this  case.  For  work  with  mechanical  gauges  re-' 
quiring  larger  charges,  say  up  to  23  lb,  ttfo  especially 
designed  floats  were  built  which  could  be  moored  in 
the  harbor  where  the  water  was  about  60  or  70  ft 
deep.  These  floats  consisted  of  two  pontoons  connected 
by  a  deck  with  a  central  well  and  carrying  a  quad¬ 
ruped  mast  for  the  cablo  blocks  necessary  for  lowering 
the  gear.  In  ono  model,  the  central  well  could  be 
opened  on  ono  side  by  the  removal  of  a  portion  of  the 
deck.  Charges  were  supported  in  the  center  of  largo 
steel  rings  to  which  were  mounted  the  gauges.  The 
ring  could  then  be  lowered  and,  if  necessary  for 
larger  charges,  floated  from  an  oil  drum  out  through 
the  deck  opening  to  a  convenient  distance  from  the 
moored  reft. 

A  small  podd  was  also  prepared  on  the  island  for 
work  with  olcctric  gauges  on  charges  up  to  6  lb. 
This  had  many  advantages.  An  overhead  cable  was 
strung  so  that  it  was  very  convenient  to  launch  the 
charges  and  equipment  into  the  water.  Furthermore, 
there  were  no  waves  or  tide  to  contend  with  and  a 
fixed  installation  could  be  set  up  on  dry  land.  Experi¬ 
ence  showed  that  work  could  be  done  several  times 
faster  when  land  based  than  when  based  on  vessels. 
However,  for  charges  of  the  size  of  service  weapons, 
it  was  necessary  to  work  from  shipboard  and  for  this 
purpose  ths  schooner  Reliance  wss  fitted  out  as  de¬ 
scribed  in  the  Section  1.2.10.  This  proved  to  be  • 
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v ery  successful  arrangement  but  it  was  seldom  poe- 
table  to  lire  more  than  two  large  chargee  a  day  where* 
at  dozens  of  the  small  ones  could  be  shot  in  the  same 
time  from  the  land  based  location. 

Thero  were  also  available  numerous  beaches  and 
locations  of  varying  depth  where  special  experiments 
such  as  on  underwater  cratering,  effect  of  shallow 
shots,  etc,  could  be  carried  out  This  availability  of 
Varied  types  of  water  conditions  was  most  helpful 

One  of  the  important  features  of  the  organisation 
of  this  laboratory  waa  the  fact  that  those  responsible 
for  the  scientific  and  technical  direction  of  the  project 
had  complete  authority  and  control  over  the  various 
services  such  as  explosive  supplies,  preparation  of 
charges,  operation  of  the  vessels,  etc.  This  placed  e 
considerable  burden  of  a  nonsciectific  character  on 
the  technical  people  but  it  was  felt,  and  experience 
demonstrated  that  this  waa  correct,  that  only  in  this 
way  could  complete  coordination  and  rapid  progress 
of  the  work  be  made  possible.  Experience  at  other 
laboratories  where  divided  authority  existed  has  dem¬ 


onstrated  that  such  an  organisation  ia  not  &  good 
one  for  scientific  research.  It  is,  of  course,  necessary 
that  decisions  such  as,  for  example,  the  question  of 
whether  the  weather  is  suitable  for  the  safe  operation 
of  a  vessel  he  left  to  the  commanding  officer  of  the 
Tftjsel.  However,  if  the  commanding  officer  ia  respon¬ 
sible  to  tiie  scientific  director  of  the  laboratory  and 
not  to  some  independent  agency,  he  la  more  likely  to 
make  his  decisions  with  the  interest  of  the  expert* 
mental  project  uppermost.  It  ia  also  especially  im¬ 
portant  that  these  Service  groups  feel  that  they  are 
part  of  the  scientific  organization  aud  not  merely 
being  assigned  to  a  certain  branch  of  work  for  a  tem¬ 
porary  period.  The  difference  between  successful  end 
unsuccessful  scientific  work  depends  on  small  differ¬ 
ences  in  the  way  in  which  numerous,  not  obviously 
important,  precautions  are  followed  through.  The 
building  up  of  the  proper  morale  and  spirit  among  the 
nontechnical  employees  is  of  the  utmoet  importance 
in  ensuring  that  the  experiments  are  canied  out  in 
the  way  that  is  necessary  to  useful  results. 
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EXPLOSIONS  AND  EXPLOSIVES  IN  AIR 


u  INTRODUCTION 

***  Purpose*  cfTnvestigatJoia 

runoum  wni  employed  in  enormous  quantities 
i-J  in  weapon!  of  many  types  throughout  World  Wia 
IL  These  weapona  wore  used  to  causs  injury  to  the 
enemy  in  specific  w^ys.  Soma  weapons,  such  as  demoli¬ 
tion  bombs,  depth  bomba  and  chargee,  explosive-filled 
sheila,  etc,  ware  devised  and  used  for  the  attack  of 
structures  such  as  factories,  dwellings,  fortifications, 
ships,  and  so  on ;  other  weapona,  such  as  fragmentation 
bombs  and  shells,  wars  intended  to  incapacitate 
personnel;  demolition  charges,  including  “hollow” 
charges,  were  employed  in  contact  with  obstacles, 
such  as  bridges,  buildings,  fortifications,  etc.,  in  order 
to  breach  the  obstacle  or  to  impair  the  usefulness  of 
the  structures  to  the  enemy;  and  certain  specialized 
devices  depending  on  high  explosives  in  the  form  of 
long,  narrow  charges  were  used  for  tha  passage  of 
mine  fields.  For  all  of  these  weapons,  even  in  the 
beginning  of  World  War  II,  there  was  a  choice  among 
a  number  of  high  explosives  as  fillings,  and  as  World 
War  II  progressed  a  large  variety  of  new  explosives 
was  developed.* 

The  choice  of  a  high  explosive  to  be  used  in  a  par¬ 
ticular  weapon  was  based  on  evaluation  of  a  number 
of  factors,  among  which  a  few  were: 

1.  The  use  to  which  the  weapon  mi  to  be  put 

X.  The  requirement  for  sensitivity  and  stability 
of  the  high-explosive  filling.  (The  stability  and  sensi¬ 
tivity  of  high  explosives  were  investigated  by  Division 
8,  NDRC.) 

8.  The  quantity  of  explosive  required  for  the  an¬ 
ticipated  volume  of  production  of  the  weapon. 

4.  Tho  best  or  most  powerful  explosive  for  the 
purpose. 

In  order  to  select  an  explosive,  then,  it  was  neces¬ 
sary  to  evaluate,  among  other  things,  the  power  of  the 
available  explosives  relative  to  each  other,  using  as 
criteria  those  characteristics  of  performance  most 
likely  to  be  important  in  the  contemplated  use. 

In  the  case  of  weapons  such  os  demolition  bombs 
which  produce  damage  by  virtue  of  the  air  blast  from 

•Pertinent  to  War  Department  Projects  OD-Ol,  0D-03, 
Ol>-70,  OD-145,  and  to  Navy  Department  Projects  NO-11, 
NO-12,  NO-144,  NO-208,  NO-224,  and  NO-2M,  , 


their  explosion,  tha  evaluation  of  various  explosive* 
relative  to  each  other  was  accomplished  by  comparing 
the  air-blast  intensities  from  corresponding  quantities 
of  tha  explosives  in  question.  The  order  ol  muit  of 
explosives  for  this  purpose  was  then  taken  a*  tha 
order  of  their  air-blast  intensities. 

As  new  explosives  were  developed,  their  perform¬ 
ance  in  air  blast  was  measured,  and  the  body  of 
knowledge  so  obtained  gave  a  basis  for  suggesting  still 
other  explosives  for  trial.  Thus,  a  second  valuable 
product  of  tbe  comparisons  of  explosives  was  the 
steady  improvement  in  the  power  of  available  military 
explosives,  until,  by  the  end  of  World  War  II,  the 
performance  of  a  bomb  filled  with  ono  of  the  best 
explosives  was  estimated  to  be  about  twice  that  of  a 
similar  bomb  filled  with  amatol  60/50,  the  usual 
filling  for  demolition  bomba  at  the  outbreak  of  this 
war. 

Studies  of  the  behavior  of  ehock  waves,  develop¬ 
ment  of  theories  regarding  them,  and  observation  of 
the  effects  of  weapona  on  targets  made  possible  the 
prediction  of  the  extent  of  damage  to  bo  expected  from 
bombs  of  various  fillings,  and  provided  a  basis  for 
selection  of  bombs  for  tactical  use  in  the  way  cal¬ 
culated  to  give  maximum  effect.  Moreover,  funda¬ 
mental  knowledge  of  the  physical  laws  governing  tha 
propagation  and  reflection  of  ehock  waves  made  pos¬ 
sible  the  development  of  s  new  and  more  effective  way 
to  use  bomba  of  a  given  typo:  it  was  found  that  a 
bomb  that  bursts  at  the  optimum  height  above  the 
ground  produces  s  blast  wave  of  greater  effectiveness 
than  that  from  a  bomb  bursting  on  impact  This  in¬ 
crease  is  estimated  to  correspond  approximately  to 
a  doubting  of  the  area  of  damage  to  be  expected.1 

Thus,  a  large  bomb  filled  with  a  good  explosive^ 
fused  so  as  to  burst  at  the  proper  height,  is  estimated 
to  be  about  four  times  as  effective  as  the  older  types, 
fused  instantaneously. 

An  importsnt  application  of  knowledge  of  the  shock 
waves  produced  by  explosions  is  in  the  evaluation  of 
target  vulnerability  to  various  types  of  attack.  By 
empirical  or  other  means,  tho  susceptibility  of  various 
targets  to  damage  by  blast  has  been  estimated,  and 
the  blast  intensities  from  various  weapons  determined. 
These  data  are  useful  in  the  design  of  structure!  to 
resist  sir  attack.  Similar  use  con  be  made  of  this  in- 
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tonn^tion  in  specif jing  factors  in  tb*  uU  htndlia&  The  deTslcpment  of  bltit-messuring  technique*  and 
transportation,  and  dong*  a!  high  explosives.  *  their  application  to  the  evaluation  of  weapons  ni 
Throughout  these  investigations  on  important  aim  begun  in  England  at  the  Hoad  Besearch  Laboratory 
baa  been  to  broaden  the  fundamental  knowledge  eon*  [BRL]  in  1938,  and  later,  at  the  Armament  Beaearch 
tming  ahock  waves  and  explosivoo,  lor  it  is  only  Department  [ARD].  In  the  United  States,  similar 
on  the  hf«»»  of  o  good  body  of  fundamental  in*  developments  were  undertaken  in  1941  and  1949  bj 
flumgj  the*  ftp  development  of  near  — *p""»  can  the  Princeton  University  Station,  Division  I,  NDRCj, 
hi  amaoeatful  the  Ballistic  Besearch  Laboratory  [BBLJ,  Aberdeen. 

Proving  Ground,  the  David  Taylor  Model  Baain 
XXX  History  [DTMB],  and  Harvard  Univeraity  [HU],  Diviaiona 

Prior  to  tha  beginning  of  World  War  IL  it  sru  the  g  md  NDRC.  Blast  measurements  using  4,000-lb 
usual  praeHos  to  meas  explosives  for  use  sa  fillings  bombs  were  first  performed  in  the  United  States  at 
for  aerial  oombs  by  two  general  types  of  measure*  Aberdeen  Froving  Ground  in  December  1948,  with 


meats: 

1.  Testa  were  performed,  such  as  the  Traual  lead 
block  test,  which  assigned  relative  merits  baaed  on 
soma  property  or  properties  of  the  explosive  itself,  or, 
8.  A  bomb  containing  the  explosive  was  detonated 
in  an  enclosure  aurrounded  by  panels  of  wood,  steel, 
etc.,  in  order  to  determine  the  number  and  penetrat¬ 
ing  power  of  fragments. 

Data  obtained  from  the  Traual  block  test,  plate* 
denting- tests,  and  measurement  of  detonation  veloc¬ 
ities  are  associated  with  the  bruancs  of  the  explosive.. 
Although  they  provided  information  that  ia  valuable 
for  many  purposes,  the  results  are  not  directly  per¬ 
tinent  to  the  blatl  damage  effectiveness  of  explosives 
sinos  the  more  brisant  of  two  explosives  is  not  neces¬ 
sarily  the  one  that  produces  the  greater  blast  intensity. 
Similarly,  fragmentation  in  a  very  large  blast  bomb, 
iu  which  the  explosive  to  case-weight  ratio  is  as  great 
aa  possible,  is  usually  not  pertinert  to  the  use  to  which 
auch  bomba  are  put 

Aside  from  the  question  of  which  explosive  filling 
bus  the  greatest  blast  effectiveness,  there  are  several 
other  ways  in  which  sir-blast  measurements  are  es¬ 
sential  and  for  which  no  other  type  of  measurement 
suffices.  For  example,  it  is  desirable  to  have  a  quan¬ 
titative  measure  of  the  parameters  that  describe  the 
ahock  wave  in  order  that  the  intensity  thus  measured 
con  be  related  by  some  means  to  the  damage  which 
tlie  wave  accomplishes.  Without  auch  information, 
the  only  way  in  which  the  effectiveness  of  a  weapon 
can  be  estimated  is  by  observing  its  effect  on  targets 
themselves.  The  effects  of  charge  shape,  thickness  and 
composition  of  the  cose,  etc.,  on  the  blast  effectiveness 
of  a  weapon  are  best  determined  by  measuring  blast 
intensities.  It  is  also  important  that  the  interactions 
of  shock  waves  with  their  surroundings  by  reflection, 
absorption,  etc.,  be  quantitatively  determined  by 
means  of  blast  measurements. 


BRL,  DTMB,  ‘and  HU  participating.  In  1943,  tha 
development  and  operation  of  blast-measurement  ap¬ 
paratus  was  undertaken  by  the  Stanotind  Oil  and  Gas 
Company  [SOG].  At  the  ume  time,  the  HU  group 
was  transferred  to  the  Underwater  Explosives  Re¬ 
search  Laboratory  [UERL]  at  Woods  Hole  Oceano¬ 
graphic  Institution  [WHOI]. 

Tha  early  applications  of  blast  measurement*  were 
concerned  with  evaluation  of  the  performance  of  new 
bombs,  determination  of  the  effects  of  booster  design 
on  performance,  etc.  As  new  explosive  compositions 
becams  •  availablo,  extensive  comparative  tests  on 
bombs  and  charges  of  all  aizes  were  carried  out.  By 
the  end  of  1943,  the  relative  merits  of  several  of  the 
moat  important  explosives  had  been  determined,  and, 
as  a  consequence,  the  older  explosives  (usually  of  the 
amatol  type)  had  been  replaced  aa  sorvice  fillings  by 
the  newer,  more  powerful  explosives.  In  Great  Britain, 
particularly,  the  fullest  advantage  was  takon  of  every 
means  by  which  the  blast  effectiveness  of  bomba  could 
be  enhanced. 

In  addition  to  studies  of  the  relative  effectiveness 
of  explosives,  blast  measurements  were  made  in  order 
to  determine  the  effect  of  case-weight  on  blast,  the 
properties  of  shock  waves  obliquely  reflected  from 
surfaces,  the  blast  intensities  from  line  charges,  the 
blast  from  explosions  in  igloo-type  storage  magazines, 
and  a  number  of  other  properties  of  explosions. 

THE  PHENOMENA  OF  EXPLOSIONS 

in  aib 

The  Detonation  of  High  Explosives 

High  explosives  release  their  energy  by  a  proceaa 
called  dttonalion,  and  low  explosives,  or  propellants, 
by  a  process  of  rapid  burning .  The  time  required  for 
the  detonation  of  a  quantity  of  high  explosive  ia 
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much  less  than  that  for  the  burning  of  &  like  amount 
of  propellant  With  high  explosives,  the  rate  of  deto¬ 
nation  is  not  markedly  affected  by  the  particle  size; 
with  propellants,  the  grain  site  is  all-important  The 
shattering  effect  of  a  high-explosive  detonation  is 
great ;  that  of  a  propellant  explosion  much  less.  These 
distinctions  are  not  completely  clear-cut  however. 

Several  low  explosives  can  be  made  to  detonate; 
even  black  powder,  under  great  pressure,  may  deto¬ 
nate  under  the  proper  conditions.  The  military  uses 
to  which  high  explosives  are  put  depend  upon  thfair 
great  shattering  power  (brisance)  and  their  high 
rate  of  detonation. 

Some  high  explosives,  such  as  mercury  fulminate, 
lead  azide,  etc.,  jre  very  sensitive  to  heat,  shock,  etc., 
and  can  be  easily  detonated  by  a  spark  or  other  local 
application  of  heat  These  explosives  ore  used  to 
initiate  less  sensitive  explosives  and  are  called  primers. 
Other  explosives  that  are  less  sensitive  to  shock  and 
heat  than  primers  but  in  which  detonation  can  be 
initiated  by  primers,  are  used  as  boosttrt ,  i.e.,  inter¬ 
mediates  between  the  primer  and  the  mein  body  of 
explosive,  capable  of  being  initiated  by  the  formor 
and  of  initiating  the  latter.  Tho  most  important  of 
the  explosives  used  ae  boosters  is  tetryl.  The  main  ex¬ 
plosive  filling  is  very  insensitive  to  shock,  heat,  fric¬ 
tion,  etc.,  and  must  be  detonated  with  the  aid  of  a 
booster.  The  quantities  of  theso  three  types  of  explo¬ 
sive  in  a  given  weapon  differ  greatly.  (1)  A  very 
small  quantity  of  primer,  usually  less  than  1  gram, 
is  used,  (2)  the  booster  weight  is  ordinarily  of  the 
order  of  a  fraction  of  a  pound  to  a  few  pounds,  and 
(3)  the  bulk  of  the  explosive  content  of  a  weapon  is 
the  insensitive  main  filling,  which  may  constitute  over 
90  per  cent  of  the  total  amount  of  explosive. 

The  explosion  of  the  booster  gives  rise  to  a  com¬ 
pression  wave  in  the  main  explosive  filling.  If  no 
further  action  were  to  take  place,  i.e.,  if  detonation 
in  the  main  filling  did  not  occur,  chi*  compression 
would  be  propagated  as  a  wave,  at  approximately  the 
velocity  of  sound,  through  the  explosive.  However,  if 
the  compression  is  sufficient,  chemical  reaction  of  the 
explosive  will  take  place  as  a  consequenco  of  tho  ele¬ 
vated  pressure  and  temperature  in  the  compressions! 
wave.  This  chemical  reactiou  is  exceedingly  rapid, 
and  the  chemical  products  of  the  reaction  have  a  very 
high  pressure  and  temperature.  This  zone  in  which 
the  chemical  reaction  takes  place,  called  the  detona¬ 
tion  wave,  is  propagated  through  the  explosive  at  a 
velocity  considerably  in  excess  of  the  velocity  of  sound 


in  the  explosive  and  it  preceded  by  a  compression  wav* 
which  it  support*. 

The  velocity  of  propagation  of  the  detonation  ware, 
called  the  .detonation  velocity,  depends  on  the  chem¬ 
ical  and  physical  properties'  of  the  explosive  and,  to 
some  extent,  on  the  dimensions  of  the  mast  of  explo¬ 
sive  and  the  degree  of  confinement.  Host  military 
high  explosives  have  detonation  velodtiea  of  the  order 
of  5,000  to  8,000  m  per  sec,  Le.,  19,000  to  29,000  fpa. 

Theories  nave  been  developed1*'  that  make  it  pos¬ 
sible  to  compute  the  detonation  velocity,  the  pressure 
and  temperature  in  the  detonation  wave,  and  tho 
'  chemical  processes  that  occur.  These  theoretical  results 
have  been  confirmed  in  large  part  by  direct  experi¬ 
ment  (See  Summary  Technical  Beport  of  Division  9.) 

When  the  detonation  wave  reaches  the  interface 
between  the  explosive  and  the  air  that  surrounds  it 
(tho  charge  unconfined)  the  products  of  the  detona¬ 
tion,  largely  gases,  expand  with  high  velocity,  pres¬ 
sure,  and  temperature.  The  boundary  between  the  air 
and  the  hot  compressed  gases  is  sharply  defined.  The 
outer  layer  of  the  burnt  gases  is  theoretically  at  a 
very  high  pressure  (initially  of  the  order  of  10,000 
pai).  Behind  this  layer  the  pressure  and  temperature 
at  a  short  time  interval  luter  decrease  rapidly  to 
lower  values  toward  the  interior  ot  the  charge.  The 
rate  of  expansion  of  the  luminous  zone,  presumably 
the  hot  burnt  gases,  continually  decreases.  Eventually 
another  discontinuity  emerges  from  the  luminoua  zone 
and  thereafter  leaves  it  behind.  This  is  the  shock 
wave,  a  sharp  discontinuous  rise  in  pressure  propagat¬ 
ing  through  the  air  surrounding  the  explosion  prod¬ 
ucts.  Throughout  the  expansion  of  tho  hot  gases,  the 
chemical  composition  of  the  reaction  products  changes 
as  their  pressure  and  temperature  change. 

If  the  charge  is  confined  by  a  metal  case,  such  as 
the  steel  case  of  a  bomb,  the  case  is  expanded  by  the 
pressure  of  the  hot  gases.  At  first,  the  metal  flowa 
plastically,  until  the  volume  of  tho  case  has  been  In¬ 
creased  considerably  (about  twofold  for  steel  cases), 
and  then  rupture  takes  place.  The  resulting  fragments 
of  the  caeo  arc  propelled  at  high  velocity,  and  since 
they  are  not  at  first  retarded  so  much  as  is  the  shock 
front  they  precede  the  shock  wave  over  a  great  dis¬ 
tance  from  the  chargo.  The  acceleration  of  the  frag¬ 
ments  requires  energy,  of  course,  and  a  considerable 
fraction  of  the  detonation  energy  of  the  explosive  may 
be  carried  away  by  the  fragments.  As  a  result,  the 
energy,  and  hence  tho  pressure,  etc.,  of  the  shock 
wave  from  a  confined  charge  are  considerably  less 
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than  from  an  uncased  explosive  charge.  Extensive  in¬ 
vestigations  at  fragmentation  hav*  bna  carried  oat 
tad  ere  described  elsewhere.*- 

At  the  boundiry  between  the  burning  geeet  end  the 
taiToanding  air,  oxygen  comet  in  contact  with  the 
hot  reaction  products.  Since  most  explosives  do  not 
eon  tain  sufficient  oxygen  to  hum  the  carbon  end. 
hydrogen  (end  aluminum)  completely,  tha  product 
gases  are  capable  of  further  (alow)  oxidation.  These 
reactions  may  take  place  at  the  snrfaee  between  hot 
gases  end  air,  or  they  may  occur  within  the  flame 
region  when  mixing  with  the  air  takes  place.  In  any 
event,  these  processes  are  slow  compared  with  the  very 
rapid  detonation  process.  Additional  energy  is  released 
by  this  means,  and  the  shock-wave  intensity  it  en¬ 
hanced.  The  processes  described  are  called  afttrbur *• 
ing.  Of  the  total  enorgy  available  for  complete  com¬ 
bustion  of  the  explosive,  only  about  one-third  is  pro¬ 
duced  by  the  detonation.  Therefore,  if  afterburning 
were  complete,  the  energy  from  that  source  would  be 
about  twice  that  from  detonation. 

2Ai  The  Propagation  of  tlio  Shock 
Wave  in  Air 

The  rapid  expanaion  of  tho  mass  of  hot  gases  result¬ 
ing  from  detonation  of  an  explosive  charge  gives  rise 
to  a  wave  of  compression  called  a  shock  wave  which 
is  propagated  through  the  air.  The  front  of  the  shock 
wave  can  be  considered  infinitely  stoop,  for  all  prac¬ 
tical  purposes.  That  is,  the  time  required  for  com¬ 
pression  of  the  undisturbed  air  ahead  of  tha  wavo  to 
the  full  pressure  just  behind  the  wave  is  practically 
xero. 

If  the  explosive  source  is  spherical,  the  resulting 
shock  wave  will  be  spherical,  and,  s' nee  its  surface  ia 
continually  increasing,  the  energy  per  unit  area  con¬ 
tinually  decreases.  As  a  result,  as  the  shock  wave 
travels  outward  from  the  charge,  the  pressure  in  the 
front  of  the  wave,  died  the  peak  pressure,  steadily 
decreases.  At  great  distances  from  the  charge,  the 
peak  pressure  is  infinitesimal,  and  the  wave,  therefore, 
may  be  treated  ad  a  sound  wave. 

Behind  the  shock-wave  front,  the  pressure  in  the 
wave  decreases  from  its  initial  peak  value.  Near  to 
tho  charge,  the  press  are  in  tho  tail  of  the  wave  U 
greater  then  that  of  the  atraosphoro.  However,  os  the 
wave  propagates  outward  from  tho  charge,  ■  rarefac¬ 
tion  wavo  is  formed  which  follows  the  shock  wave. 
At  some  distance  from  the  charge,  the  pressure  be¬ 
hind  the  ohoch-wave  front  falls  to  a  value  below  that 


in  aih 


o t  the  atmosphere,  and  than  rises  again  to  a  steady 
value  equal  to  that  of  tho  atmosphere.  Tha  part  of  tha 
abode  wave  in  which  the  pressure  is  greater  than  that 
of  the  atmosphere  is  called  the  potiiivt  phot*,  and, 
immediately  following  jt,  the  part  in  which  tha  pree- 
snre  is  less  than  that  of  tha  atmosphere  ia  sailed,  tha 
a ogatxst  or  motion  phase. 

The  velocity  at  which  the  shock  wave  is  propagated 
ia  uniquely  determined  by  the  pressure  in  the  shock- 
wave  front  and  the  pressure,  temperature,  and  com* 
position  of  the  undisturbed  medium.  The  greater  the 
excess  of  peak  pressure  over  that  of  the  atmosphere 
tho  greater  the  shock  velodty.  Since  the  pressure  at 
the  shock  front  is  greater  than  that  at  any  point  be¬ 
hind  it,  the  wave  tends  to  lengthen  ss  it  travels  awsy 
from  the  charge,  i.e.,  the  distance  between  the  shock 
front  and  the  part  at  which  the  pressure  in  the  wave 
has  decreased  to  atmospheric  continually  increases. 
For  a  discussion  of  the  theory  of  shock  waves  see  the 
bibliography.11 

A  gauge  that  is  capable  of  indicating  the  pressure 
instantaneously  applied  end  that  ia  fixed  with  respect 
to  the  charge  will  record  the  pressure  in  tho  wave  aa 
o  function  of  time.  The  resulting  pressuro-time  curve 
bears  a  dose  resemblance  to  the  pressure-distance 
curve  described  above:  there  is  an  initial  abrupt  rise 
in  pressure  followed  by  a  relatively  slow  decrease  in 
pressure  to  a  value  below  that  of  the  atmosphere.  The 
time  elapsing  between  tho  arrival  of  the  shock  front 
and  the  arrival  of  the  part  in  which  the  pressure  ie 
exactly  atmospheric  is  called  the  potitivi  duration, 
and  this,  like  the  length  of  the  wave,  increases  os  the 
wave  travels  away  from  the  charge.  A  quantity  of 
interest  in  the  application  of  blast  measurements  ia 
the  potitivt  impultt  which  is  the  average  pressure 
during  the  positive  phase,  multiplied  by  the  positive 
duration. 

Associated  with  the  propagation  of  the  shock  front 
is  a  forward  motion  of  the  matter  behind  the  shock 
front  and  the  conditions  that  determine  the  shock 
velocity  also  determino  the  particle  velocity.  In  gases, 
such  as  air,  the  particle  velocity  for  high-shock  pree- 
surcs  is  very  high.  For  example,  st  about  3  atmos¬ 
pheres  excess  pressure  in  the  shock  front,  the  particle 
velocity  immediately  behind  it  is  about  700  mph. 

The  temperature  behind  the  shock  front  is  also 
greater  than  that  ahead  of  it  because  of  the  compres¬ 
sion  of  the  medium.  Since  this  compression  is  irre¬ 
versible,  the  temperature  of  the  air  through  which  the 
shock  wave  hai  passed  and  which  has  returned  to 
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atmospheric  pressure  is  somewhat  greater  than  that 
of  the  undisturbed  air  prior  to  the  arrival  of  the 


di orderly  below  the  true  source  and  equally  distant 
from  the  aorfaoa. 

Figure  1  shows  two  successive  stages  of  this  reflex- 


shock  wave.  This  irmtrtHU  Itatinf  of  th*  air  is 
less,  the  smaller  the  excess  pressor*  in  the  shock 

ware. 

At  a  very  great  distance  from  the  charge^  the  wave 
becomes  acoustic.  La,  the  pressure  rise,  tempera  tore 
rise,  end  particle  velocity  are  til  infinitesimal,  and  the 
velocity  of  the  wave  is  that  of  sound. 

114  The  Interaction  of  Shock  Waves 
with  Their  Environment 

Very  weak  shock  waves,  i.e.,  those  of  nearly  acouatio 
strength,  era  reflected  from  plane  surfaces  in  such  a 
way  that  a  geometrical  construction  of  the  wave  sys- 
tern  can  be  made  in  a  very  simple  way.  Consider  a 
point  source  of  the  shock  C  (Figure  1)  and,  some  die* 


Fiona*  1.  Reflection  of  weak  shock  waves. 


tance  from  it,  a  plane  reflecting  surface  8.  The  inci¬ 
dent  wave  7,  striking  the  surface,  will  he  reflected 
from  it  in  such  a  way  that  tho  reflected  wavo  R  may 
be  considered  to  arise  from  a  second  imago  source  C* 
on  the  opposite  side  of  the  reflecting  surface,  perpen- 


tion  process.  In  the  first,  7U  the  incident  wave  Is  just 
tangent  to  the  surface.  The  excess  pressure  over  that 


of  the  atmosphere  at  the  reflecting  surface  is  just 
double  (for  very  weak  shock  waves)  that  of  the  inci¬ 
dent  wave  where  it  is  not  in  contact  with  the  surface. 
At  a  later  stage,  the  incident  wave  is  represented  at  /, 
and  the  reflected  wave  at  Rt  imagined  to  arise  from 
the  image  source  C*.  Again  the  pressure  at  the  line 
of  contact  of  /?„  and  tho  surface  S  is  just  double 
that  of  The  angles  at  which  the  shocks  /„  Rt  meet 
the  surface  8  are  equal. 

When  the  pressuro  in  the  shock  wave  is  appreciably 
above  that  of  the  atmosphere,  the  phenomena  are  dif¬ 
ferent.  One  reason  for  this  is  that  the  pressure,  den¬ 
sity,  and  velocity  of  the  air  into  which  the  reflected 
shock  advances  are  not  those  of  the  undisturbed  atmos¬ 
phere.  In  Figure  9  aro  represented  three  successive 
stages  in  the  reflection  of  strong  shocks.  In  the  termi¬ 
nology  used  above,  the  incidont  wave  /,  is  first  shown 
just  as  it  touches  the  reflecting  surface  3.  The  excess 
pressure  above  that  of  the  atmosphere  at  this  point 
is  more  than  twice  that  of  /,  elsewhere,  end  the  mag¬ 
nitude  of  the  increase  of  pressure  over  that  of  /,  is 
determined  by  the  strength  of  For  example,  if  the 
peak  (excess)  pressure  of  7t  is  100  psi,  the  reflected 
shock  pressure  is  about  600  pai,  a  fivefold  increase  of 
pressure.  (See  data  sheet  3 A3  of  Chapter  19.) 

As  the  incident  wave  expands  to  some  greater  aizo 
Iv  the  reflected  wave  R,  also  expands  but  the  re¬ 
flected  wave  is  not  spherical  and  cannot  be  constructed 
by  the  device  used  in  Figure  1.  The  angles  at  which 
7t  and  R,  meet  the  surface  8  are  not  equal,  in 


CONFIDENTIAL 


EXPERIMENTAL  METHODS  AMD  APPARATUS  69 


general,  and  the  angle  of  the  reflected  ihock  Rt  de¬ 
pend*  upon  the  strength  and  angle  of  incidence  of 
the  incident  shock 

At  some  distance  from  the  charge  C,  determined 
by  the  distance  of  C  from  S  and  by  the  strength 
of  the  incident  shock,  a  new  phenomenon  occurs. 
The  intersection  of  R  and  /  no  longer  lies  on  3  but 
Get  above  it  and  follows  some  path,  L  A  new  shock. 
If,  the  Uadi  stem,  connects  the  intersection  of  R  and. 

I  to  the  surface.  The  intersection  of  R,  I,  and  M  is 
called  the  triple  point  As  the  shock  system  expands 
further,  the  Uadi  stem  grows  rapidly,  tending  to 
■wallow  up  the  tweahock  system  shore  it  If  O  ie 
very  close  to  the  surface,  but  not  on  it,  the  Uadi 
stem  is  formed  almost  directly  under  C,  end,  in  a 
short  time,  has  grown  so  that  most  of  the  shock  sys¬ 
tem  is  a  Mach  stem,  and  only  in  a  small  region 
directly  over  the  charge  are  K  aud  /  distinct.  If  the 
charge  C  is  on  the  surface  S,  no  separate  reflection 
R  is  formed,  and  it  can  be  considered  that  the  entire 
shock  ware  is  a  Mach  war®. 

A  rery  practical  property  of  the  reflection  of  shocks 
is  that  the  pressure  (and  positive  impulse)  in  the 
neighborhood  of  the  triple  point  and  in  the  Mach 
stem  are  considerably  greater  than  those  in  /,  or  in 
the  shock  emitted  when  C  is  in  contact  with  3.  That 
is,  if  C  is  a  bomb  bursting  abovo  the  ground  repre¬ 
sented  by  S.  the  intensity  of  the  blast  in  the  region 
US  and  just  above  it  is  greater,  at  a  given  horizontal 
distance  from  the  bomb,  than  is  the  case  if  the  bomb 
is  burst  in  contact  with  the  ground. 

When  a  shock  wave  strikes  a  nonrigid  obstacle, 
such  as  a  building,  the  wave  is  reflected  by  the  but- 
faeci  of  the  building  in  the  various  ways  described 
above.  The  reflection  from  a  nonrigid  eurfaco  will  not, 
however,  conform  quantitatively  to  that  from  a  rigid 
surface  such  as  that  discussed  above.  At  the  instant 
the  wave  strikes  the  wall,  the  wall  is  accelerated  and 
continue*  to  accelerate  aa  long  aa  there  ia  an  excess 
of  pressure  on  its  outer  surface.  At  first,  the  deforme- 
tion  of  tho  wall  is  elastic,  so  that  tor  insufficient  excess 
pressure  or  insufficient  positive  duration  there  may 
be  no  permanent  displacement  of  the  wall.  If  the 
blast  intensity  is  sufficient,  the  wall  eventually  de¬ 
forms  inelasticaily  and  suffers  permanent  displace¬ 
ment  If,  for  the  wall  in  question,  the  displacement 
is  greater  than  some  critical  amount,  the  wall  will 
collapse. 

A  simplified  picturo  of  the  processes  of  daraaga 
consists  of  a  wall  of  indefinite  extent  which  has  a 


certain  natural  period  of  vibration.  If  a  shock  wave 
of  very  long  duration  strikes  it,  the  wall  can  be  con* 
sidered  to  be  subjected  suddenly  to  a  blast  of  constant 
pressure  equal  to  the  pressure  in  tho  shock  wave  en¬ 
hanced  by  reflection.  For  sufficiently  small  pressures, 
the  wall  will  deform  elastically  (the  amount  of  tha 
displacement  being  about  twice  that  from  a  static 
pressure  equal  to  the  pressure  in  the  reflected  Mast) 
and  will  not  rupture.  Some  pressure  must  exist,  how¬ 
ever,  such  that  tha  wall  will  collapse.  For  shock  waves 
of  finite  duration,  the  wall  may  not  collapse  even 
though  the  pressure  is  equal  to  the  .  critical  pressure. 
Instead,  the  wall  will  acquire  momentum  from  the 
shock  wave  and  will  vibrate,  without  reaching  tb« 
amplitude  corresponding  to  collapse.  If  the 'duration 
of  the  wave  it  vory  short  compared  with  the  time 
required  for  collapse,  the  momentum  imparted  to  the 
wall  must  be  sufficient  to  deform  it  beyond  the  critical 
limit  On  the  basis  of  reasoning  such  as  this,  the  peak 
pressure  is  usually  considered  to  be  the  determining 
factor  in  the  damage  produced  in  the  blast  from  very 
large  bombs,  such  »r.  atomic  bomba.  For  small  bomba 
it  ia  generally  assumed  that  the  positive  impulse  is 
the  important  quantity,  since  the  duration  of  the 
blast  ia  quite  short  Unfortunately,  neither  operational 
experience  nor  experiment  is  adequate  to  test  these 
criteria  properly.  A  reference  for  a  more  detailed  an¬ 
alysis  of  this  problem  is  given  in  the  bibliography1* 
and  tho  subject  of  damage  ia  treated  in  Chapter  16 
of  this  volume. 

EXPERIMENTAL  METHODS  AND 
APPARATUS 

11,1  Electrical  Methods  for  Measuring 
Pressure  versus  Time 
Tes  Usk  or  Pibzoelecthio  Gauoes 

For  the  measurement  of  air-blaet  pressures  the 
most  common  method  employs  piezoelectric  gauges. 
Of  all  piozoelcctrically  active  crystalline  substances, 
those  that  have  been  used  in  gauges  are  tourmaline, 
quartz,  Rochelle  salt,  and  ammonium  dihydrogen 
phosphate,  [ADPJ. 

A  piezoelectric  substance  is  one  that  produces  on 
ita  surfaces  an  electric  charge  when  the  crystal  is 
strained.  T"  gauges,  slabs  of  the  crystal,  cut  in  such 
a  way  as  to  produce  the  maximum  charge,  are  pro¬ 
vided  with  metallic  electrodes.  To  these  electrodes  ar* 
attached  the  conductors  of  an  electric  cable  which  con¬ 
nects  the  gauge  with  the  recording  apparatus.  The 
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fundamental  advantageous  property  of  piezoelectric  surrounds  the  pile  end  i*  connected  to  the  shield  of 
gauge*  ie  their  quick  action  that  respond!  to  transient  the  cable.  Finally » the  whole  assembly  ie  coated  with 
preeanre  dasgei  of  tut  ihort  duration.  a  material  that  ie  a  Tbod  thermal  insulator. 

Tourmaline  ie  fairly  abundant  and  can  be  obtained  The  quarts  gauge,  which  has  been  used  tery  success* 
in  rather  large  crystals.  It  differs  from  the  o there  fully  in  England  by  BBL  and  ABD,  consist#  of  a  pile 
listed  in  it  produce*  a  net  electric  charge  when  it  of  quarts  disks,  provided  with  a  thin  metal  cap  ot 
is  subjected  to  uniform  hydrostatic  pressure.  Its  senst*  piston  and  sometimes  with  a  plate  of  fus  A.  quarts  to 
thity,  in  turns  of  tee  electric  charge  produoed  for  provide  thermal  insulation.  Tha  pile  is  mounted  in  a 
unit  pressures,  is  about  the  asm*  as  that  of  quarts,  massive  steel  body,  and  a  seal  of  viscous  oil  around 
Quarts,  like  tourmaline,  ie  fairly  abundant  and  in*  tha  piston  (at  RRL)  or  a  sheet  of  tin  foil  acroea  the 
aolnble  in  water.  Unlike  tourmaline,  however,  if  fees  of  the  gauge  (at  ARD)  prevents  leakage  of  air 
quarts  is  subjected  to  a  uniform  hydrostatic  pressure,  into  the  body  of  the  gauge.  References  for  the  design, 
no  net  electric  charge  is  produced  on  its  surfaces,  calibration,  and  use  of  tourmaline  gaugee**"**  and 
When  quarts,  Rochelle  salt,  or  ADF,  is  used  in  a  quarts  gauges*4'**  are  given  in  the  bibliography, 
gauge,  it  is  necessary  to  seal  the  edges  of  the  crystal  The  gauges  ore  calibrated  by  applying  known  pres* 
slabs  from  the  blast  pressure  by  a  rigid  bousing,  aures  and  observing  the  magnitude  rf  the  electrio 
which  is  usually  made  of  metal.  Pressure,  then,  is  charge  produced.  Over  very  wide  ranges  of  tempera- 
applied  only  unidirectionally  to  the  crystal  slabs,  ture  and  pressure,  the  pressure  sensitivitiee  of  tour- 
Rochelle  salt  differs  from  quarts  in  its  sensitivity ;  maline  ani  quartz  gauges  are  constant.  In  measuring 
gauges  made  of  Rochelle  salt  are  about  a  hundred*  blast  pressures,  however,  if  the  gauge  projects  into 
fold  more  sensitive  than  are  those  of  the  same  tise  the  flow  of  air  behind  the  shock  front,  the  wave  ie  dia- 
made  of  quartz.  The  disadvantages  in  the  use  of  turbed,  and  the  gauge  records  the  pressures  of  this 
Rochelle  salt  are  that  it  is  soluble  in  water,  and  that  disturbed  wave  which  differ  from  those  in  the  undis* 
there  is  a  rather  high  temperature  coefficient  of  prea*  turbed  wave.  This  difficulty  is  common  to  all  gauges 
sure  sensitivity.  ADP  is  intermediate  in  temperature  (not  only  piezoelectric  ones)  used  in  this  way.  It  can 
Sensitivity  and  pressure  sensitivity  between  quarts  and  be  overcome  by  mounting  the  gauges  flush  with  the 
Rochelle  salt  Although  all  four  crystalline  materials  surface  of  a  rigid  baffle,  or  of  the  ground;  by  this 
have  been  successfully  used  in  piezoelectrio  gauges,  means,  the  gauge  docs  not  disturb  the  air  flow  and 
iho  tendency  hoa  been  to  turn  finally  either  to  tourma*  does  record  the  true  pressures  in  the  wave, 
line  or  to  quarts.  In  addition  to  the  gauges  themselves,  coaxial  elec* 

One  property  that  ia  possessed  by  all  piezoelectrio  trie  cables,  amplifiers,  calibration  circuits,  and  meant 
substance*  is  pyroelectric  activity.  That  is,  these  sub-  of  recording  are  necessary.  The  coaxial  cables  must 
stances  produce  an  electrio  charge  as  a  result  of  a  be  free  from  spurious  electrio  signals  when  etruck  by 
chonge  in  thoir  temperature.  Tourmaline  produces  a  shock  waves  and  from  distortions  of  the  gauge  signal 
net  charge  when  it  ia  heated  uniformly  as  woll  aa  arising  from  dielectric  absorption.**  **  Sinco  the  gauge 
nonuniformly.  Quartz,  Rochelle  salt,  and  ADP,  how-  generates  an  electric  charge,  the  voltage  of  the  output 
ever,  do  not  produce  &  net  charge  as  a  result  of  uni*  signal  from  the  amplifier  dopeuds  upon  the  electrio 
form  heating.  The  charge  produced  by  s  temperature  capacity  of  the  system  and  hence  upon  the  length  of 
change  of  1  G  in  tourmalino  is  about  equal  (and  oppo*  tho  coaxial  cable. 

site  in  sign)  to  that  produced  by  a  pressure  of  250  Amplifiers  of  adequate  gain,  low-  and  high-fre- 
paL  For  this  reason,  the  piezoelectrio  crystal  slabs  quency  response*,  stability,  ana  linearity  must  be  used, 
in  a  gauge  must  be  carefully  protected  by  adequate  Since  tho  electric  signals  usually  obtained  in  thie 
thermal  insulation  from  the  effects  of  transient  tem-  work  are  of  the  order  ot  a  few  millivolts,  tho  ampli- 
porature  changes.  •  fleation  required  is  considerable. 

A  tourmaline  gauge  consists  of  a  pile  of  disks  of  Calibration  of  the  overall  electric  charge  sensitivity 
tourmaline,  sawed  from  the  crystal,  and  each  provided  of  the  cables,  amplifiers,  and  recording  apparatus,  and 
with  closely  adhering  metal  electrodes  on  the  sawed  of  tho  time  base  must  be  made.  These  involve  record- 
faces.  Tho  disks  are  ao  arranged  in  the  pile  that  the  ing  the  output  of  the  apparatus  when  an  electrio  call- 
charges  produced  on  contiguous  electrode*  are  of  tho  brating  signal  of  known  voltage  (corresponding  to  • 
some  sign.  Load  wires  are  soldered  to  the  electrodes  known  electrio  charge)  and  another  of  known  fre* 
and  attached  to  the  electric  cable.  An  electric  shield  quency  are  applied  to  the  Input  of  tho  apparatus. 
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Recording  of  the  amplifier  output  voltage  veretia 
time  ia  usually  dona  by  uaa  of  cathode-rcy  tubaa 
and  photographic  recording  of  the  trace*  on  their 
screens.  The  very  high  range  of  frequencies  which  the 
cathode* ray  tube  can  reproduce  faithfully  make*  it 
particularly  suitable  for  thia  work.  It  does,  however, 
have  tha  disadvantage  of  being  rather  insensitive,  re¬ 
quiring  considerable  amplification  of  tba  low-level 
gauge  signals.  Tima  resolution  is  usually  provided  by 
moving  the  film  in  a  direction  perpendicular  to  tha 
deflection  of  tho  trace  on  the  cathode-ray  tuba. 
Although  moving  film  is  preferred,  stationary  film 
hat  been  used  by  deflecting  the  cathode  ray  in  tha 
proper  direction  at  a  constant  rata  by  means  of  an 
electronic  single-sweep  generator. 

The  oscillogram  thus  obtained  can  be  interpreted 
as  a  pressure-time  curve,  by  means  of  tha  calibrations 
of  gauge-charge  sensitivity  and  time.  Figure  3  repre¬ 
sents  a  typical  oscillogram  of  a  pressuro-time  curve. 

In  Figure  3,  tho  atmospheric  pressure  prior  to  the 
arrival  of  the  shock  wave  at  the  gauge  is  represented 
by  the  horixontal  line  P*  At  the  time  1  =  0,  the  shock 


wave  arrives  at  the  gauge  and  tha  pressure  ia  almost 
instantaneously  increased  to  P,  the  peak  pressure. 
Thereafter,  the  pressure  deesya  relatively  3lowly,  until 
at  t„  the  “crossing  time,”  the  pressure  ia  again  atmos¬ 
pheric.  The  time  (,  Is  the  positive  duration  of  tha 
wave.  After  U,  the  pressure  decreases  and  a  region  of 
auction  ( S )  follows  the  positive  pressure  phase.  The 
pressure  then  again  returns  to  atmospheric.  Tho  cross- 
hatched  area  hounded  by  t  =  0,  P,  autl  t„  is  propor¬ 
tional  to  the  positive  impulse  of  the  shock  wave. 

The  advantages  of  the  piezoelectric  technique  are 
the  wide  range  of  pressures  at  which  the  gauge  may 
be  used,  its  high-frequency  roaponse,  its  linearity  with 
pressure,  and  the  comparatively  simple  auxiliary  ap¬ 
paratus.  The  disadvantages  of  the  method  are  the 
relatively  low  sensitivity,  the  high  time  constant  re¬ 
quired  of  gauge,  cable,  and  amplifier  input  circuit 
(necessitated  by  the  fact  that  tho  gauge  is  a  charge- 
generator),  and  the  pyroelectric  sensitivity  of  the 
gauge. 

Reference*  to  descriptions  of  apparatus  for  use 
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with  piezoelectric  gauge*  ere  contained  in  the  biblio* 

Tha  Condkn&w-Micbophoit*  Tbchniqu* 

The  condenser- microphone  gauge  has  been  recently 
developed  fot  use  In  measuring  air-blast  pressure*.  A. 
condenser-microphone  consists  of  two  parallel  mttal 
plate*  mounted  to  as  to  be  insulated  from  each  other, 
and  separated  by  a  dielectric  (air,  mica,  etc.).  Tha 
two  plates,  which  art  the  plates  of  a  condenser,  are 
connected  to  the  associated  electronic  apparatus  by 
mean*  of  an  electric  cable.  Under  the  application  of 
pressure,  the  dielectrio  between  the  condenser  plate* 
is  reduced  and  the  capacity  of  the  condenser  therefor* 
increase*. 

Tn  one  type  of  apparatus,  the  gauge  condenser  ia 
connected  as  part  of  a  tuned  circuit  in  a  transmitter. 
The  change  in  the  resonant  frequency  of  thia  circuit 
it  linearly  dependent  on  the  pressure  applied  to  the 
gauge  over  the  range  of  pressure#  for  which  the  gauge 
was  designed.  The  output  signal  (frequency -modu¬ 
lated)  of  tha  transmitter  ia  applied  to  tha  input  of  a 
receiver  either  via  an  electrio  cable  or  by  radio  trans¬ 
mission.  The  frequency-modulated  signal  ia  amplified, 
demodulated,  and  again  amplified,  and  the  output  ia 
applied  to  tho  recording  apparatus.  The  gauge  can 
also  be  used  in  amplitude-modulation  device*  Either 
cathods-ray  oscillographs  or  galvanometer  oscillo¬ 
graphs  can  be  used  for  recording,  depending  upon  the 
frequency-response  requirements.  Apparatus  of  these 
types  has  been  used  by  BRL,"  General  Motors  Re¬ 
search  Division,'*  the  Research  Department,  Wool¬ 
wich,"  Princeton  Unlvorsity  Station,"  and  tha  Ex¬ 
plosives  Research  Laboratory." 

A  modification  of  this  system,  doveloped  at  BRL," 
is  used  to  make  a  direct  simple  measurement  of  posi¬ 
tive  impulso.  The  frequency-ir.oduintad  signal  from 
the  transmitter  is  caused  to  beat  against  an  oscillator 
in  the  receiver.  The  resulting  beat-frequency  signal 
is  amplified  and  “sharpened”  to  produce  pulses  of  t 
fow  /isec  duration.  These  pulses  drive  neon  lights 
whose  flashing  is  recorded  on  moving  film.  Since  the 
frequency  of  tho  signal  is  proportional  to  the  pressure 
applied  to  the  gauge,  the  time  integral  of  the  pressure 
over  the  positive  duration  (i.e.,  the  positive  impulse) 
it  proportional  to  the  difference  between  the  number 
of  flashes  and  the  number  that  would  have  occurred 
without  a  pressuro  pulse.  Then  the  interpretation  of 
the  photographic  record  consists  simply  of  counting 
dots. 

The  advantages  of  the  condenser-microphone  tech- 
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nique  ire:  (1)  the  system  his  no  inherent  limitation 
on  low-frequency  response,  i.e.,  it  can  respond  to 
static  pressures;  (8)  the  gangs  can  be  made  relatively 
free  from  transient  thermal  effects;  (3)  the  system 
has  essentially  no  interference  from  cable  signal,  low- 
frequency  pickup  on  cables,  and  microphonics,  and 
does  not  reqoir.  high  impedance  in  the  gauge  circuit; 
end  (4)  it  is  particularly  well  adapted  to  che  use  of 
transmission  by  radio,  thns  replacing  electric  cables. 
The  disadvantages  of  the  system  are:  (1)  the  pressure 
range  over  which  a  particular  gauge  will  operate  is 
relatively  small,  thua  necessitating  the  selection  of  a 
gauge  to  suit  each  expected  condition;  (2)  the  gauge 
has  n  natural  period  of  vibration  which  limita  its  high 
frequency  response;  and  (3)  for  use  at  distances  of 
the  order  of  1,000  ft  between  gauge  and  recording 
apparatus,  electronic  apparatus  (transmitter,  power 
supply,  or  batteries,  etc.)  must  be  located  at  the 
gauge,  thua  complicating  the  problem  of  servicing. 
The  further  development  of  this  method  offers  prom¬ 
ise  of  a  great  improvement  in  the  techniques  of  air- 
blast  measurement. 

Tib  &E8I8TOB  Gacob  Method 

A  third  device  for  measuring  transient  pressures 
depends  on  the  change  of  electric  Tcsistunco  of  sn 
element  under  stress.  In  ono  form,  the  gauge  consists 
of  a  resistance  dement  that  is  hydrostatically  com¬ 
pressed.  In  another,  a  resistance  wire  is  formed  in  a 
spiral  and  cemented  to  the  back  of  a  diaphragm  con¬ 
strained  at  its  periphery.  When  preasuro  is  applied, 
the  diaphragm  is  deformed,  the  wire  is  strctchod  an  l 
the  resistance  of  the  wire  changes. 

Associated  with  the  gauge  is  a  simple  potentiometer 
circuit  by  means  of  which  changes  in  resistance  give 
rise  to  proportional  changes  in  voltage.  Thceo  voltage 
changes  are  amplified  sud  recorded.  The  principal 
devokpment  of  resistance-strain  gauges  of  the  dia¬ 
phragm  type  has  been  effected  by  the  Navy  Depart¬ 
ment  at  DTMB.*W’ 

The  advantages  of  the  resistance  type  of  gauge  are, 
(1)  thu  gauge  has  no  limitation  on  its  low-frequency 
response,  i.e.,  it  is  capable  of  measuring  static  pres¬ 
sure;  (2)  the  gauge  and  its  method  of  operation  are 
relatively  simple;  and  (3)  tho  gauge  circuit  is  low 
impedance.  The  disadvantages  of  the  system  are,  (1) 
the  gauge  is  usually  quite  insensitive,  thus  requiring 
a  rather  high  gaiu  enoplifler;  (2)  the  gauge  is  subject 
to  hystereois;  (3)  there  i»  a  characteristic  oscillation 
of  the  diaphragm  which  limits  its  high-frequency  re¬ 
sponse;  and  (4)  the  pressure  range  over  which  & 


given  gauge  will  operate  is  relatively  small,  and  a. 
gauge  must,  therefore,  be  selected  to  conform  to  the 
requirements  of  etch  use. 

Otheb  Electbio  Methods  fob  Mkasubiko 
PasasuBB  as  a  Function  or  Tina 
Gauges  based  on  magnetic  properties  have  been 
rued  in  numerous  applications  and  have  been  pro¬ 
posed  for  use  in  measuring  air-blast  pressures.  Sev¬ 
eral  possible  types  have  been  suggested:  moving -coil 
or  moving-magnet  gauges,  moving  diaphragm  gauges, 
and  magnctostrictive  gauges.  Soma  of  these  types 
offer  possibilities  for  gauges  of  high-ontput  voltage 
or  of  great  compactness.  One  advantage  would  be  the 
low-impedance  characteristic*. 

Mechanical  Gauges  for  Measuring 
Pressure,  Impulse,  etc. 

Qacoes  Based  on  the  Smuno-Piston  Pbincipui 
A  gauge  for  measuring  peak  pressure  has  been  de¬ 
signed  that  operates  by  recording  the  maximum  ex¬ 
tension  of  a  spring  acted  upon  by  a  moving  piston 
which  is  accelerated  by  the  action  of  a  pressure  pulse. 
If  the  natural  period  of  tho  piston-and-spring  is  short 
compared  with  the  duration  of  a  transient  pressure 
pulse,  the  maximum  extension  of  the  spring  is  pro¬ 
portional  to  the  peak  pressure  of  the  pulse. 

One  gauge  of  thia  type  which  has  been  auccessfally 
used  for  measuring  air-blast  pressures  is  the  Naval 
Ordnance  Laboratory  [NOL]  ball  crusher  gauge.*'"4* 
This  gauge  consists  of  a  masaive  block  in  which  is 
fitted  a  sliding  piston,  a  fixed  anvil,  and  between 
them,  a  spherical  copper  ball.  Tho  plastic-flow  char¬ 
acteristica  of  the  ball  give  a  very  nearly  linear  re¬ 
sisting  force.  The  maximum  compression  of  this 
spring  is  measured  by  the  permanent  deformation  of 
the  ball.  Although,  in  principle,  the  dimensions  and 
mass  of  the  piston  and  diameter  of  the  ball  can  be 
chosen  arbitrarily,  in  practice  there  is  su  upper  limit 
to  piston  ares  per  unit  mass,  sud  a  lower  limit  to  the 
size  of  ball.  As  a  result,  the  gauge  ia  beat  suited  for 
measuring  high  peak  pressures.  'The  standard  NOL 
gauge  (as  developed  for  underwater  use)  has  been 
used  successfully  at  air-blast  pressures  as  low  as  60  psi. 

Another  type  of  gauge*1  based  on  the  same  prin¬ 
ciple  is  tho  UERL  spring-piston  gauge.  Thia  consists 
of  a  moving  piston,  helical  spring,  and  a  simple  means 
of  recording  the  maximum  stroko  of  the  piston.  This 
gauge  con,  in  principle,  bo  designed  to  measure  blast 
pressures  in  any  range  where  the  positive  duration  is 
large,  but  the  relatively  delicate  mechanism  cetab- 
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lishea  a  practical  upper  limit  to  pressure  ostimated  to 
be  about  100  pai. 

For  measurement  of  blast  intensities  from  charges 
of  moderate  sixe  with  which  the  positive  durations 
encountered  are  not  extremely  long,  the  spring-pistou 
gauge  is  capable  of  precise  measurement  of  positive 
impulse.  For  this  purpose,  the  p  Jtoa  mass  and  spring 
strength  are  adjusted  so  that  the  natural  period  of  the 
mass  is  about  four  times  the  positive  duration  of  the 
bleat.  Under  there  conditions,  ths  maximum  compres¬ 
sion  of  the  spring  is  a  measure  of  ths  positive 
impulse. 

The  Williams  gauge4*  is  a  device  that  has  been 
used  for  many  years  as  so  approximate  peak-pressure 
indicator.  It  consists  of  t  very  light  piston  moving  in 
a  closely  fitting  cylinder  end  working  against  the  air 
in  the  cylinder,  which  it  compresses.  The  maximum 
compression  is  recorded  by  a  simple  device.  The  air  in 
the  cylinder  behaves  as  t  nonlinear  spring.  The  chief 
difficulties  with  the  gauge  are  that  a  very  small  fric¬ 
tion  (such  as  that  caused  by  dust)  introduces  large 
errors  iu  the  readings  and  that  the  range  of  pressures 
which  can  be  read  with  a  given  gauge  is  quite  small. 
Moreover,  the  theory  of  the  gauge  operation  is  not 
completely  developed. 

The  advantages  of  the  ball-crusher  gauge  are,  (1) 
simplicity  of  construction  and  operation,  end  (2) 
applicability  to  measurements  of  high  pressure.  The 
disadvantage  is  that  the  gauge  is  too  insensitive  to  be 
used  below  about  SO  pai.  The  advantage*  of  the  UERL 
spring-piston  gauge  are:  (1)  its  applicability  to  the 
measurement  of  relatively  low  peak  pressures;  and  (2) 
the  high  precision  of  results.  The  disadvantages  are : 
(1)  the  gauge  ia  relatively  complies  ted,  requiring 
fairly  elaborate  machine  work;  (2)  it  ia  only  moder¬ 
ately  nigged ;  and  (3)  very  high  blast  pressures  would 
he  difficult  to  measure.  The  two  types,  bell  crusher 
and  spring-pie  ton,  complement  each  other  in.  the 
ranges  of  pressure  to  which  they  can  be  best  applied. 

Gabo sa  Based  ok  thji  Free  Piston  Pbinciplb 

For  the  meaeuremeqt  of  positive  impulse,  gauges 
that  employ  a  freely  sliding  piston  with  none  but  un¬ 
avoidable  retarding  forces  (such  as  friction)  have 
been  used. 

In  one  form,  the  gauge,  in  addition  to  the  freely 
sliding  piston,  ia  provided  with  a  rotating  drum  carry- 
*  ing  redoing  paper  on  which  a  stylus  attached  to  ths 
piston  writes.  The  resulting  record  is  a  plot  of  the 
integral  of  impulse  versus  time.  Thus,  the  impulse  at 
any  time  ie  proportional  to  the  slope  of  the  curve  at 


that  time,  and  the  positive  impulse  ie  proportional  to 
the  Maximum  (positive)  slope  of  the  curve  The  * 
gauge  records  the  negative  impulse  as  well  end,  in 
principle,  it  capable  of  yielding  e  pressure-time  curve 
by  two  differentiations  with,  respect  to  time.  Thin 
gauge  has  been  designed  and  used  by  UERL.41 

Another  type  of  gauge  embodying  the  came  prin¬ 
ciple  bad  been  developed  by  RBL.4*  In  this  gauge, 
the  piston  it  split  into  two  parts.  The  outer  part  re¬ 
ceives  on  its  surface  the  pressure  of  the  blast,  and 
pushes  the  inner  section  along  the  gauge.  With  the 
impulse  thus  acquired  during  the  positive  phase  of 
pressure,  the  second  part  strikes  a  spring.  The  maxi¬ 
mum  compression  of  the  spring,  which  is  proportional 
to  the  impulse  given  to  the  piston,  is  recorded  by  an 
indicating  pointer  and  scale.  In  the  suction  phase, 
the  first,  or  outer  piston,  is  decelerated  without  affect¬ 
ing  the  motion  of  the  second  part,  which  is  vented  to 
allow  free  motion  of  air  past  it 

Both  types  of  freo-piston  gauge  are  quite  precise 
and  relatively  simple  to  operate.  The  split-piston  type 
gives  t  direct  reading  of  positive  impulse  whereas  the 
other  gives  records  that  must  be  interpreted  by  care¬ 
ful  measurement  On  the  other  hand,  the  records  give 
more  information  concerning  the  blast  wave.  The 
principal  disadvantage  of  the  two  gauges  lies  in  their 
relatively  complex  mechanism.  Another  limitation  in 
that  tho  design  of  the  gauge  must  be  suited  to  the 
range  of  positive  impulses  that  are  expected,  and  the 
range  for  any  one  sot  of  values  of  the  mechanical  vari¬ 
ables  such  as  piston  rrea  and  mmu  ia  not  sufficiently 
wide  to  cover  all  likely  possibilities. 

Daxao*  Gauqks 

Peak-pressure  gauges  have  been  devised  to  operate 
on  the  principle  that  a  thin  diaphragm,  stretched  over 
a  hole  in  a  rigid  plate,  will  rupture  at  a  certain  pres¬ 
sure  when  the  diaphragm  is  subjected  to  a  blast  wave. 
If  several  such  diaphragms  are  provided,  covering 
holes  of  various  sizes,  the  pressure  required  to  rupture 
the  diaphragm  over  a  given  hole  will  depend  on  the 
hole  size.  Hence,  given  a  calibration  of  the  dovice,  the 
peak  pressuro  of  a  blast  wave  is  established  as  less  than 
that  required  to  break  the  diaphragm  of  the  largest 
hole  unbroken,  and  gTeator  than,  or  equsl  to,  the  pres¬ 
sure  required  to  break  the  diaphragm  over  the  smallest 
hole  broken.  The  pressure  ia  thus  bracketed  as  closely 
as  is  desired,  simply  by  having  a  sufficient  number  of 
holes  of  graduated  sizes. 

One  such  device,  the  paper  blast  meter,44  haa  been 
used  for  msuy  years  in  the  approximate  measurement 
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of  blast  pmnm.  It  cooaute  of  two  board*  damped 
together,  with  a  sheee  of  papar  held  tightly  between 
them.  Hole*  of  about  too  different  neat  are  bond 
through  both  board*,  in  regular.  The  gang*  ia 
mounted  with  the  plane  of  the  diaphragm  perpendic¬ 
ular  v  tha  diraction  of  propage tion  of  the  wart.  La, 
head-on  to  -he  were.  By  virtue  of  the  maltiphration 
of  ptoamra  on  reflection,  tha  pressure  marled  on  tha 
diaphragm  ia  greater  than  that  of  tha  incident  wan; 
proper  account  of  thia  moat  be  taken 
A  mom  recent  modification  of  thia  gang*  ia  the 
foUntitr,  which  eonaiata  of  a  wooden  or  metal  box 
with  ona  open  end  over  which  ia  clamped  an  assembly 
similar  to  tha  paper  blast  meter  bat  with  aluminum 
foil  inetead  of  paper.  Foil  ia  need  because  it  ia  much 
lees  tenet  tire  than  papar  to  change*  in  atmospheric 
condition*  sad;  as  temperature  and  humidity.  Tha 
box  gauge  can  be  oriented  eithir  face-on  or  ei da-on 
tc  the  direction  of  propagation  of  the  bleat,  eiaee  the 
box  prevents  the  bleat  from  acting  on  the  reverse  rid* 
of  tha  diaphragm.  The  development,  properties  and 
nee  of  foilmetsr*  have  bean  studied  at  tha  Princeton 
University  Station4*  of  Division  *. 

The  great  adventage  cf  this  type  of  peak-pmaur* 
gauge  is  its  simplicity.  Tha  operation  and  tha  inter¬ 
pretation  of  results  ere  duple,  end  no  elaborate  ma¬ 
chine  work  la  involved.  It*  greatest  limitation  is  that 
the  precision  of  results  ia  usually  not  high,  and  the 
limits  within  which  the  pressure  can  be  bracketed 
with  a  reasonable  number  of  holes  ere  rather  wide. 

A  gauge  baaed  on  ini  principle  of  bracketing  the 
pressure  between  thorn  required  to  move  sod  not  to 
move  spring -loaded  pistons  was  developed  at  the 
(British)  MIL.  A  box  containing  rix  pistons  sealing 
holes  in  its  front  face,  each  held  in  place  by  a  spring 
with  known  force,  constitutes  the  gauge.  A  slight  mo¬ 
tion  cf  a  piston  ia  detected  by  the  displacement  of  an 
indicator  piston,  pushed  by  the  first  In  its  present 
stage  of  development,  thia  gaujr*  is  sot  capable  of 
good  precision.  It  also  requires  considerable  machine 
work  in  construction. 

1X1  The  Shock-Wave  Velocity  Method 

As  t»ss  pointed  out  in  Section  2J.3  the  shock-wave 
velocity  is  uniquely  determined  by  the  characteristics 
of  the  medium  and  the  excess  pressure  in  tha  shock 
wave  That  is,  under  specified  conditions,  the  pressure 
may  be  expressed  explicitly  in  terms  of  tha  shock- 
wave  velocity.  (See  Section  2  4.5,  equation  8.)  Advan¬ 
tage  is  taken  of  thia  relation  to  make  very  accurst* 
meuuremente  of  peak  pressure*. 


The  maaanremant  of  shock-wave  velocity  require* 
defodora,  gauges,  etc.,  which  rocord  the  proriaa  times 
of  erriral  of  tho  wove  ei  various  known  distances 
from  tha  charge.  In  addition,  it  ia  usually  desirable 
to  measure  the  velocity  of  aorcJ  In  the  medium  under 
identical  conditions  be  those  existing  ax  the  time  sf 
tho  principal  vsloeity  maaeursmsiit.  The  eawsatts  ve¬ 
locity  ia  aaarared  conveniently  by  firing  e  email  **- 
plosive  charge  just  prior  to  dm  firing  of  the  mafia 
charge  and  observing  tha  these  cf  arrival  of  the  acous¬ 
tic  wav*  at  the  seas*  gauges  need  for  the  main  mea¬ 
surement.  Thus  the  measurements  required  to  obtoH 
pressures  from  velocities  are  those  of  distance  am*-- 
time.  Both,  however  must  be  measured  very  accu¬ 
rately,  since  the  peroanwge  of  errors  in  tha  computed 
peak  pressure*  art  etverel  times  those  in  the  measured 
velocity.  This  system  baa  bean  adopted  as  a  tontine 
measurement  by  BRL.4* 

Tha  measurement  of  ahodr  velocity  as  a  means  of 
obtaining  peak  pressure  offers  the  great  advantage 
that  the  true  peek  pressure  can  be  obtained  without 
the  uncertain  tree  associated  with  gauge*  which  must 
be  calibrated  by  methods  which  often  do  not  wall 
Simulate  tha  conditions  of  use.  As  was  pointed  out 
above,  the  neoeeeeiy  measurements  are  those  of  dis¬ 
tance  aa«l  time.  Vary  great  accuracy  of  measurement 
of  distance  and  time  are  required,  especially  at  tha 
lower  pressures;  because  of  the  increased  accuracy 
required,  the  practical  lower  limit  of  pressure  deter¬ 
mined  by  this  method  i*  about  3  pri ;  the  oompbudty 
of  apparatus  required  for  velocity  measurements  ia 
often  as  great  as  that  for  method*  for  obtaining  pres¬ 
sure-time  curve*,  and  tha  latter  method  gives,  in  ad¬ 
dition  to  prek  pressure,  the  positive  impulse  as  well 
as  other  useful  information. 

***  Other  Experimental  Method* 

Thx  Photooeatht  or  Exrioaiow  Phuhmuwa 

The  photography  of  expkrion  phenomena  is  a 
powerful  experiments!  tool  in  thit  field.  The  detona¬ 
tion  velocity-  fragmentation  processes,  rate  of  'pen¬ 
sion  of  the  case,  jets  from  hollow  charges,  in.  veloc¬ 
ity  of  the  flame,  etc,  have  been  extensively  studied 
by  the  Explosives  Be* torch  Laboratory  of  Division  8, 
NDBC.  (See  tha  Summary  Technical  Export  of 
Division  S.) 

Tha  study  of  abode  waves  by  photographic  mean* 
has  been  a  fruitful  source  of  information.  From  flame 
velocities,  the  pc  ik  pressures  very  close  to  the  charge 
have  been  obtained.4*  Shadow  and  schlieren  photog¬ 
raphy  of  the  shock  wave*  just  outride  the  flame  have 
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produced  information  about  the  early  stages  of  tha 
expending  ahock  van,  particularly  with  regard  to 
effect*  due  to  the  shape  of  the  charge.4*  Photographs 
of  the  shock  waves  at  still  later  stages  of  their  develop* 

I  meat  have  yielded  information  on  their  pressures,  the 
nature  of  their  reflections,  the  interactions  of  shock 
waves,  eO.4*** 

For  many'purpoess,  such  ae  the  study  of  the  aetlew 
of  structures  under  loading  by  blast  waves,  the  most 
convenient  apparatus  is  a  high-speed  motion  picture. 

*  camera  with  a  continuous  source  of  light  Such  cam* 

■  eras  are  available  commercially  and  provide  frame 

|  speeds  up  to  8,000  frames  per  sec.  Still  higher  speeds 

have  been  attained  by  apodal  camera*.  For  some  pur¬ 
poses,  cameras  using  rotating  mirrors4434  (with  ate* 

|  tionsry  film)  or  rctatating  arums44*44  carrying  the  film 
have  been  developed.  These  cameras  are  particularly 
valuable  for  studying  self-luminous  phenomena,  such 
as  detonation  waves  and  flame. 

Still  pictures  of  shock  waves  can  be  taken  by  using 
an  intermittent  light  source  of  Very  short  intensity. 
Flashing  lamps,4*  sparks,4*34  and  high-explosive 
charges4*  have  been  used  as  light  sources.  It  is  re¬ 
quired  that  the  duration  of  the  flash  be  sufficiently 
short  that  the  motion  of  the  shock  during  exposure 
j  is  uot  so  great  as  to  blur  the  photograph  unduly.  The 
light  source  is  ordiuarily  plsrad  behind  the  shock  wave, 
lacing  the  camera  lens,  sud  either  the  shadow  or  the 
j  achlicrcu  technique4*  is  used. 

i  Another  technique  which  has  boon  of  value  in  the 
study  of  shock  waves,  gss  jets,  etc.,  is  that  using  in¬ 
terferometry.4*34  In  this  method,  the  shock  wave, 

1  jet,  etc.,  which  is  being  studied  crosses  one  of  two 

j  beams  of  an  interferometer.  Since  the  refractive  index 

j  of  the  compressed  air  of  the  shock  wavs  is  different 
from  that  of  the  undisturbed  air,  the  interference 
lines  are  caused  to  shift  Photographs  of  this  pho* 
nomen  on  can  be  interpreted  quantitatively  in  terms 
of  densities  of  sir  in  various  parts  of  the  domain  pic¬ 
tured.  The  technique  u  particularly  valuable,  since 
it  gives  quantitative  information,  not  only  about  the 
shock  front  but  also  about  the  region  behind  the  shock 
front 

The  Ujjlsu  arm  r.n  r  at  Stulut 

For  measuring  ctraizu  In  objects  subjected  to  the 
action  of  shock  waves,  a  gauge  consisting  of  a  grid  of 
resistance  wire  cemented  between  pieces  of  thin  n;;«r 
is  very  useful.  The  principle  of  operation  haa  t'.r.  tdy 
been  discursed.  If  a  current  is  flowing  through  toe 
wire  when  it  is  stretched  or  compressed,  the  potential 


across  the  wire  will  change  as  a  result  of  the  change 
in  reaiatance  caused  by  the  strain  in  the  wire.*4  (See 
Section  t.S.1).  Suds  gauges  are  manufactured  com¬ 
mercially.  The  paper  end  wire  assembly  is  supplied 
cemented  to  a  piece  of  felt  cloth  to  facilitate  hen* 
dling.  In  use,  the  gauge  is  cemented  to  the  surface  oi 
the  object  under  test  and  is  connected  to  the  lead 
wires  of  the  amplifying  end  recording  apparatus 
Oscillograms  that  can  be  interpreted  os  deflection- 
time  curves  ere  obtained. 

Aside  from  the  quantitative  measurement  of  strain 
in  the  materiel  itself,  the  strain  technique  is  valuable 
as  an  aid  in  establishing  the  chronology  of  events  that 
accompany  explosions,  ""ha  interactions  of  blast  waves 
with  target  structures  can  then  be  analyzed,  with  the 
purpose  of  establishing  the  mechanism  of  damage  to 
the  target. 

Tax  Bloat  Tuna 

A  very  useful  apparatus  for  the  study  of  shock 
waves  in  sir  and  for  the  calibration  of  air-blast  gangee 
is  the  blast  tube.  This  devics  consists  of  s  long  tube 
which  is  divided  into  two  sections,  the  compression 
chamber  sud  the  expansion  chamber,  by  an  sir-tight 
diaphragm.  Compressed  sir  is  admitted  to  the  com¬ 
pression  chamber  to  build  up  the  required  pressure, 
and  when  the  diaphragm  is  punctured  by  a  knife  it 
shatters  and  a  ahock  wavs  is  formed  which  is  propa¬ 
gated  along  tha  expansion  chamber.  Gauges  can  be 
mounted  in  the  expansion  chamber  and  their  charac¬ 
teristics  under  condition*  similar  to  those  under 
which  they  are  to  be  used  can  then  be  studied.  The 
blast  tube  was  devised  st  Princeton  University  Sta- 
tion.*4.*4.4*4’  It  has  been  used  for  gauge  calibration 
by  BOG54  and  by  UERL.** 

The  relation  between  compre*<ion-chamber  pres¬ 
sure  and  shock-wave  pressure  has  been  obtained  theo¬ 
retically  and  experimentally.4434  It  was  found  that 
the  experimental  measurement*  lie  about  8  per  cent 
below  those  theoretically  predicted.  By  inserting  blocks 
into  the  compression  chamber  in  order  to  shorten  it, 
t  shock  wave  can  be  produced  whore  pressure -time 
curve  is  very  similar  to  those  from  explosive  charges.4* 

The  calibration  studies  of  gauges  in  tha  blast  tuba 
reveal  tluat  the  apparent  gauge  sensitivity  decrease* 
u  the  shock-wave  pnvura  inac.\x:s.  This  is  inter- 
neted  to  be  due  to  the  disturbance  oi  the  air  flow  by 
u»  gauge,  to  that  the  average  pressure  on  the  sur¬ 
face  of  tho  gauge  is  less  (lisa  that  of  the  undisturbed 
wave.  Theoretical  computations  have  bean  mads  by 
the  Applied  Mathematics  Panel,  OSUD,4*  which 
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ah aw  that  the  flo '▼-effect  hypothesis  is  reasonable. 

By  «"<*»"«  of  a  blaat  tuba  of  rectangular  croaa  sec¬ 
tion,  the  reflection!  of  plana  ihocka  at  oblique  angles 
have  bean  studied  by  photographic  technique.**  (Sea 
Section  14A) 

u  analysis  or  EXPERIMENTAL  tore 

The  Criteria  of  Blaat  Damage 

Tha  moat  conclusive  way  to  teat  a  weapon  U  to  naa 
it  for  ita  intended  purpose,  to  do  ao  many  timaa,  and 
to  analyta  and  aralnata  tha  result*.*  Thia  ia  alao  the 
moat  expensive  way  to  teat  it:  the  expenditure  of  livee, 
labor,  and  time  may  be  vary  great,  and  tha  conaa- 
qoancea  of  failure  severe.  Tha  alternative  ia  to  deter- 
mine  those  charsclerUticx  of  tha  weapon  by  virtue  of 
which  ita  purpota  ia  accomplished,  to  formulate  tbaaa 
characteristics  in  terma  of  aimpla,  obaarvabla  quanti* 
tim,  and  to  mauura  tboaa  quantitiaa  under  cou trailed 
conditional 

Under  certain  ccnditiona  a  high-expk>aiv#  (HR) 
hoTnb,  detonating  near  structures,  will  demolish  or 
seriously  damage  them.  The  means  by  which  tha 
bomb  accomplishes  ita  purpose  ia  ita  air  blaat;  there 
may  be  contributiona  from  fragments,  earth  abode, 
and  the  fires  it  may  causa.  In  order  to  compare  the 
effectiveness  of  two  bombs,  it  is  than  necessary  to 
measure  their  air-blast  intensities  under  identical  con¬ 
ditions.  If  all  parameters  (peak  pressure,  positive 
impulse,  etc.)  of  the  blast  from  one  are  more  intense 
than  the  corresponding  properties  of  tha  blast  from 
tha  other,  tha  result  is  established :  the  first  bomb  is 
superior  to  the  second  (for  use  in  the  open)  provided 
a  sufficient  number  of  such  comparisons  establishes 
the  statistical  validity  c f  the  result.  (In  Section  2.4.4, 
comparison  of  explosives  in  enclosed  rooms  it  taken 
up,  and  it  it  shown  that  under  those  conditions,  the 
order  of  effectiveness  of  explosives  is  different  from 
that  in  the  open.)  If  some  properties  of  the  first  bomb 
era  superior  and  others  inferior  to  those  of  tho  second, 
the  result  of  the  test  is  indeterminate,  unless  some 
further  information  is  available  on  the  basis  of  which 
it  can  be  established  that  one  property  ia  more  im¬ 
portant  than  another  in  ‘ha  process  of  damage.  For 
example,  the  fragment  velocity  from  bomb  A  may  be 
greater  than  that  of  B,  and  the  blast  peak  pressure 
md  impulse  from  B  greater  than  those  from  A  j  if  the 
bomb  ia  to  be  used  to  accomplish  blast  damage,  tha 
superiority  of  tha  blast  peak  pressure  and  impulse 

*  Sts  alao  Chapter  XL 


from  B  would  establish  its  superiority,  other  para¬ 
meters  of  A  and  B  being  of  equal  value,  li.  hnwwvwq, 
ft  vara  necessary  to  cbooat  between  two  intent* 
properties  of  the  blast,  such  as  peak  pressure  and 
positive  impulse,  tbs  choice  would  be  vary  much  more 
difficult  Fortunately,  in  moat  cases  the  order  of  supe¬ 
riority  on  the  basis  of  positive  impulse  la  dm  aasua  m 
that  of  peak  pressure.  (See  Table  A)  * 

In  order  to  obtain  evidence  that  would  catahHaii 
the  criterion  of  blast  damage  effectiveness  of  air-blast 
waves,  careful  studies'*  have  bean  made  by  the  Brit¬ 
ish  of  many  bombing  incidents  in  Britain  during  the 
blits.  By  examination  of  bomb  fragment*  it  was  pos¬ 
sible  to  establish  tbs  siss  of  bomb  and  to  distinguish 
between  bomba  having  explosive  fillings  containing 
aluminum  and  tboaa  which  had  nonaluminued  fill- 
logs."  By  this  means  the  average  area  of  damage 
was  determined  for  each  type  of  bomb,  for  each  of 
four  categories  of  damage :  A  (demolition) ;  B  (major 
irreparable  damage);  C  (severe  damage,  requiring 
evacuation  for  a  time);  ami  D  (mino*  damage,  re¬ 
quiring  only  temporary  evacuation).  Tha  mean  radius 
for  each  typo  of  damage  wee  taken  to  be  the  radius 
of  the  circle  whoae  am  equalled  the  observed  ana 
of  damage. 

Static  detonation  trials  of  similar  bombs,  with  air- 
blast  measurements,  provided  tha  necessary  informa¬ 
tion  on  tha  peak  pleasure,  positive  impulse,  etc,  which 
would  be  obtained,  on  tha  average,  at  distances  from 
tha  bomb  corresponding  to  tho  radii  of  tha  four  claaaeu 
rt  damage.  It  was  decided  on  tha  basis  of  such  data, 
that  tor  British  buildings  tbs  mean  radius  of  A  dam¬ 
age  corresponded  to  120  pti-msec  of  positive  impulse, 
B  damage  to  72,  and  C  damage  to  40.  This  implies, 
of  course,  that  it  is  tha  positive  impulse,  and  not  the 
peak  pressure,  which  ia  of  principal  interest  in  blast 
damage.  Although  thia  waa  tha  beat  that  could  be 
dona  under  tits  circumstances,  it  wes  not  entirely 
satisfactory,  since  the  number  of  incidents  analysed 
was  ralstively  small  (72  in  all),  the  range  of  bomb 
sixes  eras  not  great  (1,000  to  8,000  lb),  tha  exact 
nature  of  the  filling  waa  in  doubt,  and  tha  scatter 
of  tha  measurements  of  damsge  area  was  large,  aa 
weald  be  expected. 

Proceeding  on  the  basis  of  tbs  positiv  impulse 
criterion  so  established,  comparisons  of  bomba  having 
various  fillings  were  based  principally  on  their  rela¬ 
tive  positive  impulses.  It  was  found  experimentally 
that  to  a  good  approximation,  tha  positivo  impulse 
depends  on  the  reciprocal  of  tha  distance  from  tha 
bumb ;  this  implies,  of  course,  that  tho  radii  of  a  given 
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category  of  damage  from  two  bomba  art  proportional  tffeetivttuu  [MAE]  of  each  of  ae7«ral  type*  of  bomba 
to  the  positive  impolaea  from  tbeae  bomba  at  a  given  has  been  established/*  (See  Chapter  It.) 
distance,  and  hence  that  their  areas  of  effectiveness  For  very  large  bombs,  e.g.,  the  atomic  bomb,  where 
are  proportional  to  the  squares  of  their  positive  un*  the  blast  duration  is  very  long  (of  the  order  of  a 
pulse*  determined  at  a  given  distance.  second),  there  can  be  little  doubt  that  the  peak* 

The  early  British  air  attacks  on  German  targets  pressure  criterion  holds.  That  is,  for  each  target 
yielded  further  information.  It  had  boon  realised  that  structure,  a  certain  peak  pressure  is  required  to  rop» 

ture  the  walls,  and  tor  predicting  the  ares  of  demage 


the  area  of  damage  of  a  given  bomb  would  be  less  with 
German  targets  than  with  British,  because  of  the 
heavier  average  wall  construction  of  German  build* 
inga.  Moreover,  since  the  climates  of  the  effective* 
nest  of  these  attacks  depended  on  the  interpretation 
of  air-cover  photographs,  it  was  found  that  the  dis¬ 
tinctions  among  the  A,  B,  C,  and  D  classes  of  dam¬ 
age  could  not  be  drawn,  and  therefore  two  classes 
were  defined  and  adopted,  (1)  dtmoliiio a  (at  least 
one-third  of  load-bearing  walls  destroyed) ;  and  (2) 
vitible  damage  (damage  visible  on  good  quality,  air- 
cover  photographa) .  The  corresponding  positive  im¬ 
pulses  for  the  mean  radii  for  these  types  of  damage 
were  estimated  to  be  120  and  55  psi-msec  respec¬ 
tively. 

In  the  meantime,  the  development  of  heavier  and 
heavier  bomba  progressed.  The  4,000-lb  kigh-capadty 
[IIC]  bomb  was  adopted  very  early  and  8,000-lb  and 
12,000-lb  HC  bomba  were  soon  developed.  No  such 
heavy  bombs  had  been  used  by  the  Germans  over 
England,  and  the  extension  of  the  incident  studies, 
at  best  not  conclusive,  to  such  large  bombs  was  not 
easily  justified.  Some  experimental  data  were  used’1 
on  the  response  of  brick  walls  to  pressure  and  simpli¬ 
fying  assumptions  made,  obtaining  a  result  that  in¬ 
dicated  that  for  bomba  greater  in  aize  than  the  4,000- 
lb  HC  bomb,  the  positive  impulse  criterion  was  prob¬ 
ably  no  longer  valid,  and  that,  for  bombs  larger  than 
the  12,000-lb  HC,  the  peak  pressure  was  probably 
of  greater  importance.  Few  bomba  of  theee  two  larger 
sites  wore  used  and  they  were  sometimes  mixed  with 
other  bombs  and  incendiaries.  For  these  reasons,  no 
very  good  teat  of  the  impulse  criterion  for  very  large 
bombs  could  be  made  from  air-cover  photographs 
However,  the  few  data  which  do  exist**"’*  support 
this  prediction  that  for  auch  bombs  the  criterion  ia 
neither  purely  impulse  nor  purely  peak  pressure  but 
something  between  the  two. 

More  recently,  a  group  composed  of  personnel  from 
Divisions  2  and  11  of  NDUC  and  from  the  Applied 
Mathematics  Panel  worked  under  directive  AN-23  on 
tho  evaluation  of  the  effects  of  weapons,  both  British 
and  American,  on  targets.  From  careful  analysis  of 
strike  and  post-raid  photograph*,  the  mean  area  of 


to  be  expected  it  should  be  sufficient  to  know  the 
distances  from  the  bomb  at  which  the  peak  pressure* 
are  just  adequate.  Theoretical  consideration  of  the 
problem '  of  reactions  of  structures  under  blast  load¬ 
ing  has  recently  been  reported.’**”  (See  Chapter  15.) 

144  The  Relative  Effectiveness  ol 
Explosives  in  the  Open 
The  most  common  military  high  explosives  that 
have  been  used  or  considered  for  use  as  filling!  for 
aerial  bombs  ere  listed  in  Table  1,  together  with  their 
chemical  compositions  and  densities;  the  composi¬ 
tions  of  actus!  fillings  vary  by  a  few  per  cent  from 
those  given.  Similarly,  tho  filling  density  given  for 
each  explokive  is  an  average  over  a  number  of  actual 
filling  densities  in  various  batches.  The  importance  of 
filling  density  ia  twofold :  explosives  are  usually  com¬ 
pared  on  the  basis  of  equal  volumes,  to  that  the  greater 
the  density,  the  more  favorable  the  comparative  blast 
effectiveness.  Second,  the  filling  density  ia  a  measure 
of  tho  quality  of  the  particular  filling ;  a  poor  pour  will 
have  air  cavities  end  the  components  of  the  mixture 
will  segregate.  Both  of  these  faults  lead  to  low  over¬ 
all  densities. 

An  important  division  of  these  explosives  into  two 
classes  can  be  made:  (1)  these  that  contain  alumi¬ 
num,  and  (2)  thou  that  do  not  As  can  be  seen  from 
the  relative  blast  intensities,  the  aluminum  contrib¬ 
utes  heavily  to  improved  blast  performance. 

The  methods  of  comparing  explosive*  on  the  basis 
of  their  air-blast  intensities  are  essentially  the  asms 
at  all  establishments  where  such  work  ia  done:  tha 
charges,  consisting  of  identical  containers  filled  with 
the  explosives  to  be  compared,  are  detonated  while  be¬ 
ing  supported  in  a  fixed  position  on  the  testing  field. 
Air-blast  gauges,  usually  electric,  are  set  up  at  several 
distances  from  the  chargo,  and  blast  pressure-time 
records  obtained.  From  those  records,  the  peak  pres¬ 
sures  and  positive  impulses  are  computed.  The  condi¬ 
tions  of  the  test  are  bold  the  same  from  round  to 
round,  so  that  direct  comparisons  among  tho  different 
explosives  con  be  obtained.  The  results  ore  usually 
reported  u  relative  peak  pressures  and  relative  poai- 
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tive  impulses,  referring  til  result*  to  those  from  on* 
typo  of  filling,  cboeeu  arbitrarily  at  *  standard.  Sev¬ 
eral  identical  ronnda  of  each  type  of  explosive  art 
usually  find  in  each  aeries  of  Uata  la  order  to  eetab* 
liah  the  statistical  validity  of  the  results. 

It  ia  found  that  the  relative  pneauret  and  impulaea 
an  aasentially  independent  of  the  chargo-to-gauge  dis¬ 
tance,  so  that  reeolta  obtained  at  a  number  of  such 
diatanoaa  can  be  oonaidered  aa  averages.  Moreover,  on 
the  average,  the  reeulta  from  varioua  groupe  of  experi* 
mentera  are  hi  agreement.  The  average  relative  peak 
pressures  and  positive  impulaea  for  all  explodm  oon- 
eidered  ere  aumroaristd  in  Table  i.  These  averages" 
include  results  from  trials  in  the  United  States  by 
UBBL  end  800,  both  of  Division  I,  NDBC,*  and  by 
BRL,  Aberdeen  Proving  Ground,  aa  veil  aa  in  Great 
Britain,  by  3BL  and  ARD.  All  result*  are  reduced  to 
the  basis  of  the  average  loading  densities  listed  in 
Table  L  The  adjustment  to  relative  peak  pressures  and 

•  Division  t,  NDBC,  reports  dealing  with  the  order  of 
adectlvenaw  at  exptodva*  and  those  o l  Division  8  which  were 
transferred  to  Division  1  are  given  la  references  70-01  A 
move  complete  UhUop  'phy  of  reports  from  all  eouroeaia  given 
to  raterraoa  78. 


relative  positive  impulaea  for  difference*  in  weight* 
vas  mad*  according  to  the  empirical  formulas 


»here  f,  are  peak  presaurea  from  weights  Wu 
If,  respectively,  and  lv  /,  are  the  corresponding 
positive  impulses.  For  the  usual  variations  in  loading 
density,  auch  corrections  aro  of  the  order  of  1  or  I 
per  cent  u  a  rule. 

A  salient  feature  of  the  results  in  Teble  t  Is  the 
•harp  distinction  between  the  aluminized  and  non- 
aluminized  explosive*:  the  aluminized  explosives  are, 
a*  a  group,  considerably  superior  to  the  nocalumi* 
lazed  ones.  The  increase  in  power  ia  duo  to  the  nigh 
energy  release  of  the  oxidation  of  the  aluminum. 
The  chemical  reactions  In  the  detonation  process  have 
been  studied  theoretically." 

The  sddition  of  aluminum  to  explosives  increases 
their  bullet  and  impact  sensitivity.  (See  Division  8, 
STB.)  Bocauae  of  this  increased  sensitivity,  it  vas 
necessary  to  find  some  relatively  insensitive  alteraa- 
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tiv*  t«  torpex-2.  One  explosive  miztort  wi'oee  tenti- 
tivity  it  satisfactory  it  HBX,  which  it  mad#  by  the 
addition  of  D-2  wax  to  torpex-S.  (See  Table  1.)  An¬ 
other  elect  of  addition  of  D-2  wax  to  torpex-2  it  to 
decrease  the  air-blast  intensity,  largely  because  of 
the  decrease  in  loading  density.  A  similar  mixture  to 
torpex  D-l,  ia  which  the  deeenaitbet  wax  need  (D-l) 


Tm.,  x  FnI  preasure  sad  poAthr*  Impulse  rslatfrs  to 
those  of  CompoAtioo  B  (the  oompuisoo  being  oe  an 
equal  rulums  Msb). 


Torpex  (8C%  Al) 

Torpsx-3 

Miool-8 

DBX 

HBX 

Tri  tonal  75/24 

Mlnol-3 

Tri  tonal  30/30 
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Baronel 

Comp.  B 
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Edna  tot 

TNT 
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(LOO) 

(100) 

008 

007 

0.04 

oos 

002 

004 

0.00 

aoo 

008 

005 
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Fiousa  4.  Estimated  relative  areas  of  damage  bated  on 
relative  poeithre  Impulse. 


aim*1  In  those  incidents,  the  aluminized  explosive* 
(consisting  of  trialen  or  aluminized  hexanite,  both  of 
which  should  be  inferior  to  HBX  and  superior  to 
TNT  in  blast  ^tensity)  gars  50  to  100  per  cent  more 
damage  area  than  did  the  nonaluminized  exploeirea 
(TNT  or  amatol  60/40).  The  estimated  improvement 
from  HBX,  over  the  average  of  TNT  and  amatol 


ia  somewhat  lower-meltiug  than  is  D-2.  No  detectable 
difference  exists  in  blast  intensities  between  HBX 
and  torpor  D-l.  It  has  recently  become  the  practice 
to  add  0.0  per  cent  of  calcium  chloride  to  torpex-2, 
HBX,  and  minol-2,  in  order  to  reduce  the  gassing 
that  ia  produced'  in  aluminized  explosives.  No  effect 
on  the  sir-blast  intensities  has  been  observed  as  a  re¬ 
mit  of  the  addition  of  calcium  chloride. 

The  relative  damaging  power  of  explosivea  can  be 
estimated,  for  bomba  that  are  rut  too  large,  on  the 
basis  of  the  positive  impulse  criterion  (see  Section 
2.4.1).  Sinco  the  positive  impulse  has  been  shown  to 
decrease  linearly  wfth  increasing  distance  from  the 
bomb,  the  relative  damage  radii  are  proportional  to 
the  relative  poritive  impulse,  and  the  relative  areas 
of  damage  are  estimated  to  be  equal  to  the  squares  of 
the  relative  positive  impulses.  On  this  basis,  and 
using  data  irora  Tablo  2,  the  bar  graph  in  Figure  4 
was  obtained.  The  heights  of  the  bars  are  proportional 
to  the  estimated  relative  damage  areas.  The  chief  con¬ 
firmation  of  the  improvement  of  aluminized  over  non- 
aluminized  explosives  comes  from  observations  on  tha 
effectiveness  of  German  bombs  of  both  types  in  Brit- 


60/40,  would  be  about  60  per  cent,  which  lies  about 
midway  between  the  observed  «alv.ea. 

The  influence  of  several  variables  on  the  blast  in¬ 
tensities  of  explosives  has  been  studied : 

Tht  Effect  of  Varying  the  Aluminum  Confsnf  in 
Torpex,  Minoi,  and  Tritonal-lilce  Compoeitirne.  Al¬ 
though  torpcx-2  contains  13  per  oent  aluminum, 
minol-2  20  per  cent,  and  tritonal  £0  per  cent,  these 
are  not  the  aluminum  concentration*  that  giva  the 
greatest  blast  intensities.  By  experiments  with  mix¬ 
tures  containing  various  percentages  of  aluminum,  it 
has  been  shown  that  the  optimum  compositions  con¬ 
tain:  torpex,  30  per  cent;**  minol,  28  per  cent;**** 
and  tritonal,  25  per  cenL‘M**  As  a  result  of  these 
experiments,  the  British  proposed  to  replace  mlnol-S 
and  ordinary  tritonal  by  minol-3  and  tritonal  with 
25  per  cent  aluminum.  (Sec  Table  1.) 

The  Effect  of  Aluminum  drain  Sue  on  Blast  In- 
teneitiee.  There  are  two  reasons  for  the  interest  in 
the  effect  of  aluminum  grist  size  on  blest  intensities. 
(1)  Because  of  msss-production  processes  for  “atom¬ 
ising?  aluminum,  some  grists  were  in  bettor  supply 
than  others,  and  (2)  it  was  found1*1  that  use  of  the 
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coarse;  grists  produced  lew  sensitive  explosives.  Ac¬ 
cordingly,  tests  were  performed  which  shoved  that 
aluminum  powder  that  passed  6  50-mesh  sieve  and 
was  retained  on  a  150-mesh  sieve  could  be  used  in 
place  of  the  Navy  specification  aluminum  (30  per  cent 
of  which  passed  a  325-mesh  sieve)  in  torpex  without 
Ion  of  power,*’'  hut  with  considerable  grin***  in 
Insensitivity.'  Also,  it  was  found1**  that  misol-2, 
prepared  from  “36-meah  to  dust*  aluminum  was 
equal  in  power  to  that  prepared  from  “200-mesh  to 
dust*  material. 

Effect  of  Bomb  Cau -Weight  on  tht  Order  of  Merit 
of  Explosives.  Static  detonation  trials  of  both  alumi- 
nixed  explosives  in  the  forma  of  “bare*  and  cardboard- 
cased  charges  and  heavy-,  medium-,  and  light-cased 
bombs  showed  no  dependence,  on  the  average,  of  the 
relative  blast  intensities  on  case-weight** 

Dependence  of  Order  of  Merit  on  Distance  from 
the  Bomb.  On  the  average,  the  experimental  evidence, 
based  on  blast-presauro  measurements  made  over 
ranges  of  chargc-to-gauge  distance  corresponding  to 
pressures  of  most  importance  in  producing  damage, 
shows  the  relative  peak  pressure  and  relative  positive 
impulses  to  be  independent  of  distance.’*  Other  ex¬ 
perimental  work,1**  however,  indicates  that,  for  very 
small  distances  from  the  charge,  the  order  of  merit 
may  be  very  different  from  that  in  the  range  of  dis¬ 
tances  wherein  air-blast  measurements  are  usually 
made. 

lu  The  Principle  of  Similitude 
By  dimensional  reasoning,  tho  following  principle 
of  similitude  was  derived  for  explosions  and  explo¬ 
sives.  If,  of  two  charges  of  the  samo  explosive,  all  of 
the  dimensions  of  one  are  k  times  those  of  the  other, 
the  peak  pressures  measured  at  any  distance  from  the 
smaller  will  bo  equal  to  those  measured  at  i  times 
that  distance  from  the  larger.  Moreover,  the  positive 
impulse,  energy,  positive  duration,  etc.,  from  the 
larger  will  bo  k  times  the  corresponding  quantities 
for  the  smaller,  the  distances  from  the  charge  being 
in  the  proportion  i/1.  This  principle,  of  course,  as¬ 
sumes  that  all  other  variables  not  so  specified  are  the 
some  in  the  two  cases.  The  principle  of  similitude  is 
not  necessarily  inviolate;  it  has  required  eiperimen 
tal  verification. 

The  principle  may  be  restated  in  tenns  of  the 
weights  of  the  charges,  since  the  densities  are  pre¬ 
sumed  to  be  equal.  If  the  weights  of  two  geometrically 
aimilar  charges  of  the  some  explosive  are  IF,  and  JFj, 
the  peak  pressures  at  distances  proportional  to  ^IF, 


and  f'Wp  respectively,  will  be  equal  and  the  posi¬ 
tive  impulses,  durations,  etc,  will  be  proportional  to 
VWl  and  f'Vf't,  respectively,  at  those  distance*. 
Thie  can  be  expressed  as  follows; 


(wr) 

<wr) 


where  P,  /,  and  t,  are  the  peak  pressure,  positive  Im¬ 
pulse,  and  positive  duration,  respectively,  measured 
at  a  distance  r  from  IF  pounds  of  explosive,  and  /,  F, 
and  are  unspecified  functions  of  the  variable  r/WK 
The  similarity  law  as  applied  to  air  blaat  has  not 
received  an  adequate  test.  For  a  range  of  charge 
weights  from  8  to  550  lb,  it  has  been  found  that  the 
principle  of  similitude  ie  applicable  within  limits  of 
error  of  a  few  per  cent.***  By  taking  into  account 
the  effects  of  the  case  of  bombs,  differences  in  explo¬ 
sives,  etc.,  it  was  shown1**  that  the  principle  was 
applicable  to  blast  measurements  made  by  BRL  on  a 
range  of  charge  sizes  from  100-  to  10,000-lb  bombs. 
However,  it  has  been  found  by  British  investigators 
that  the  positive  impulses  from  68-lb  hare  chargee  of 
Composition  Bu*  give  values,  predicted  for  4,000-lb 
bombs  by  the  similarity  principle,  that  are  consider¬ 
ably  lees  than  those  actually  obtained,  the  effect  of 
the  case  being  taken  into  account.  Moreover,  blast- 
presauro  measurements  at  UEBL,  using  very  small 
bare  charges,  of  the  order  of  2  to  4  lb  in  weight,  lie 
well  below  these  obtained  elsewhere  for  larger  chargee 
of  approximately  the  samo  chape.  In  order  to  test  tht 
principle  properly,  charges  ranging  in  weight  from 
1  to  10,000  or  100,000  ib,  and  having  identical  shapes, 
explosivo  fillings,  types  of  case,  etc.,  should  be  do- 
b.  noted  and  blast-pressure  measurements  made  under 
the  came  conditions  by  several  investigators. 

There  aro  several  quite  reasonable  qualitative  argu¬ 
ment*  which  would  deny  the  exact  applicability  of  the 
principle  of  similitude. 

The  Lack  of  Similarity  of  Afterburning.  After¬ 
burning,  which  was  described  in  Section  2.2.1,  is  a 
term  applied  to  the  relatively  slow  combustion  of  the 
products  of  the  chemical  reactions  in  the  detonation 
process,  and  involves  tho  reaction  of  combustible 
products  (carbon  monoxide,  hydrogen,  methane,  car¬ 
bon,  etc.)  with  atmospheric  oxygen.  That  this  process 
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actually  does  occur  ha*  been  demonstrated  expert. 
mectaUj.^** 

If  this  procete  (afterburning)  occur*  only  at  the 
periphery  of  the  globe  of  hot  gases,  the  extent  of  the 
reaction  it  determined  by  the  area  of  the  globe  (ap» 
proximately  spherical).  This  means  that  the  relative 
importance  of  the  afterburning  reaction  would  de¬ 
crease  with  increasing  charge-weight,  since  the  ratio 
of  are*  to  volume  of  a  sphere  decreases  linearly  with 
increasing  radius  (Le.,  charge-weight). 

On  the  other  hand,  if  mixing  of  atmospheric  oxy* 
gen  with  the  hot  detonation  products  takes  place,  the 
burning  is  e  volume  and  not  a  surface  phenomenon. 
Since  the  elapsed  time  for  a  given  process  (e.g.,  ex* 
passion  of  the  hot  gases  to  a  certain  pressure  and 
temperature  state)  is  proportional  to  the  cube  root 
of  the  charge-weight  (to  a  first  approximation)  the 
extent  of  a  chemical  reaction  within  the  gas  globe 
which  has  a  finite  reaction  rate  will  he  greater  for 
longer  elspeing  time  and  the  energy  liberated  will, 
therefore,  be  greeter.  By  this  mechanism,  larger 
charges  would  be  expected  to  give  greater  energies 
per  unit  weight  of  explosive.  It  has  already  been  men¬ 
tioned  that  the  energy  available  from  complete  com¬ 
bustion  of  an  explosive  is  of  the  order  of  three  times 
that  available  from  its  detonation  alone.  Therefore^ 
afterburning,  at  leaat  in  principle,  may  give  rise  to 
large  departures  from  the  principle  of  similitude.  The 
scanty  experimental  evidence  amiable  indicates  de¬ 
partures  from  the  similarity  principle  in  the  direction 
predicted  by  this  argument 

The  Skin-Effect.  If  a  sphere  of  explosive  is  deto¬ 
nated  at  its  center,  a  spherical  detonation  wave,  con¬ 
sisting  of  a  chemical  reaction  tone  of  high  tempera¬ 
ture  and  pressure  preceded  at  a  small  distance  by  a 
shock  wave,  will  be  propagated  outward  from  the 
center  of  the  charge.  On  reaching  the  surface  of  the 
charge  (presumed  to  be  unconfined,  in  air),  the  shock 
wave  is  reflected  inward  as  a  rarefaction.  This  rars- 


tensity  should  increase  disproportionately  with  in¬ 
creasing  charge- weight  However,  this  effect  should  be 
moat  pronounced  for  very  small  charges,  and  should 
be  negligible  for  large  charge*. 

The  presence  of  a  heavy  metal  case  around  the 
charge  would  alter  the  phenomenon:  on  reaching  th* 
interface  between  metal  and  explosive,  the  shock  wav* 
is  partly  reflected  aa  a  compression,  and  partly  trans¬ 
mitted  aa  a  compression  in  the  metaL  If  the  rarefac¬ 
tion  wave  reflected  from  the  metal-air  interfap*  fails 
to  meet  the  oncoming  reaction  sons  before  it  has 
reached  the  metal,  no  akin -effect  would  be  expected. 

It  is  obvious  that  experimental  work  is  required  to 
teat  these  hypotheses.  For  practical  purposes,  and 
over  moderate  ranges  of  charge  size,  the  similarity 
principle  can  be  applied,  for  want  of  more  direct  ex¬ 
perimental  results. 

IU  The  Effect  of  a  Case  on  the  Blast 
Intensity  from  an  Explosive  Charge 

It  was  pointed  out  in  Section  2.2.1  that  if  the 
explosive  charge  is  contained  in  a  metal  case,  as  in 
a  bomb,  the -expansion,  rupture,  and  projection  of 
fragments  of  the  case  require  energy  which  can  com* 
only  from  the  energy  released  in  detonation.  This 
subtraction  of  energy  reduces  the  amount  that  is 
available  for  the  shock  wave,  and,  therefore,  shock¬ 
wave  intensities  from  a  cased  charge  are  lesa  than 
from  a  bare  charge  having  tho  same  net  charge-weight 

A  series  of  experiments  using  8-lb  charges  of  Com¬ 
position  B  encased  in  cylindrical  containers  of  vari¬ 
ous  thicknesses  was  performed  by  RBL.,#Mt*  These 
results  showed  that  both  peak  pressure  and  positive 
impulse  from  the  explosive  charge  are  reduced  by  the 
c»ie,  and  that  the  reduction  is  greator,  the  greater  th* 
case  thickness.  It  has  been  shown  that  the  empirical 


faction,  or  tension  wave,  will  shortly  meet  the  advanc¬ 
ing  chemical  reaction  zone  and  should  tend  to  “freeze’* 
the  reactions  by  lowering  tho  temperature  and  pres¬ 
sure  in  the  reacting  material.  Thus  a  thin  “skin”  of 
ur.detoaated  explosive  will  be  ejected  from  tho  charge, 
and  the  energy  available  will  not  be  fully  realized. 
Now  the  thickness  of  the  akin  is  independent  of  the 
size  of  tne  charge ;  therefore,  the  fraction  of  the  total 
weight  of  explosive  which  is  in  the  skin  decreases 
with  increasing  charge-woight.  As  a  result  of  the  skin- 
effect,  departures  item  the  similarity  principle  would 
he  expected,  and  in  t  direction  such  that  tht  blast  in- 


expresses  URL  results  within  experimental  error. 
Here  J,  and  /,  are  the  positive  impulses  from  the 
cased  and  bare  chargee  respectively,  T7  and  art 

the  weights  of  the  explosive  charge  and  total  weight 
of  cased  charge,  respectively,  and  s  is  the  boss  of 
Napcrian  logarithms. 

By  making  simple  assumptions1**  about  the  par¬ 
tition  of  energy  between  shock  wave  and  fragment*, 
•  somewhat  different  expression  waa  derived  from  tha 

w'=(°-8+i Tmw)w‘  (5) 
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where  F  fa  the  explosive  charge- weight  in  t  cased 
charge  whose  equivalent  case-weight  is  2i,  and  F* 
la  tiie  hare  charge-weight  whose  blast  pressure  and 
impulse  would  h»  identical  to  those  of  the  cased 
charge.  However,  it  happens  that  both  expressions 
give  vary  nearly  equal  numerical  results.  The  second 
expression  has  the  advantage  that  it  predicts  the  effect 
of  case-weight  on  peak  pressure  as  well  as  on  positive 
impulse.  The  effect  of  ^ase- weight  on  peak  pressure 
and  positive  impulse  are  shown  graphically  in  Figure 
0  in  terms  of  the  weight  of  bare  charge  required  to 
give  equal  blast  intensity  to  that  of  a  cased  charge. 
For  use  In  equations  (4)  and  (5),  the  charge-weight 
ratio  [W/W,  of  (4),  W/(M- fF)  of  (5)J  Is  the 
“equivalent"  charge-weight  ratio,  obtained  by  comput- 


Fiona  6.  Effect  of  ease  might  on  paak  pressure  and 
positive  impulse. 


ing  the  ratio  of  charge-weight  to  total  weight  for  a 
hypothetical  cylindrical  charge  having  the  same 
weight  as  the  charge-weight  in  tha  bomb,  the  same 
diameter  as  the  cylindrical  section  of  the  bomb,  and 
the  same  case  thickness  u  that  on  the  cylindrical 
section  of  the  bomb.  This  amounts  to  assuming  that 
the  cosing  of  tha  ogival  nose  and  conical  tail  sections, 
which  are  relatively  heavily  cased,  detract  relatively 
littlo  from  the  overall  blast  from  the  bomb,  at  least 
as  far  a*  measurements  perpendicular  to  tko  bomb's 
equator  are  concerned.  Table  3  lists  “equivalent"  and 
"actual”  charge-weight  ratios  for  soma  American  and 
British  bomba.11* 

Further  evidence  of  the  pronounced  effect  of  the 
esao-weight  on  blast  pressures  and  impulses  lies  in  a 
comparison  of  the  blast  from  600-lb  gwtral-pwpcu 


TanuS.  Charge-welcht  ratios  of  American  and  British 
bomba.11*  B  -  charge- welsh  t  ratio. 

*-■  1  ■  -  1  1  ■  I'  t:  !  =  ■  I  i  r 


Bomb 

R  (par  oeat) 
Equivalent  cylinder 

11 

American  bombs 

1004b  OF 

0 Jtt  • 

060 

2604b  OP 

0.81 

060 

600-lb  GP 

.0.65 

061 

t,0004b  OP 

6.60 

066 

3,0004b  OP 

OA4 

068 

6004b  SAP 

085 

081 

1,0004b  SAP 

0.84 

032 

1,0004b  AP 

026 

0.14 

4,0004b  LG 

082 

080 

British  bomba 

2604b  OP 

040 

020 

6004b  QP 

087 

0.31 

1,0004b  OP 

043 

QA3 

4,0004b  OP 

0.38 

0.30 

2604b  SAP 

0.21 

017 

600-lb  SAP 

020 

018 

6004b  MO 

0.64 

041 

1,0004b  MO 

062 

047 

4,0004b  MO 

.0.60 

0.68 

2,0004b  HO 

0.81 

072 

4,0004b  HO 

O.aO 

076 

8,0004b  HO 

0.75 

068 

12,000-lb  HO 

078 

0.67 

[OP]  bomba  and  360-lb  depth  bombs**  and  in  the 
comparison  of  tha  blast  from  aluminum  anil  thin 
steel  cased  bombs  with  those  from  bombs  of  standard 
case  thickness.11111* 

The  important  implication  of  these  results  is  that 
a  large  blast  bomb  should  have  the  minimum  weight 
of  metal  casing  consistent  with  safety  in  handling  the 
bomb.  For  ouch  a  bomb,  the  best  fuzing  is  proximity 
variable-tint  $  [VT]  fuzing;  there  is  no  danger  of 
breakup  of  a  thin  case,  since  the  bomb  functions 
either  in  mid-six  or  instantaneously  on  impact.  Tha 
minimum  case  thickness  is,  therefore,  that  necessary 
to  avoid  injury  to  the  bomb  in  handling  prior  to  the 
attack. 

The  improvement  in  blast  performance  obtains  >)• 
with  thin  steel  or  aluminum  cases  over  the  standard 
bombs  is  illustrated  in  Table  4,  where  relative  areas 
of  damage  from  a  fixed  quantity  of  explosive  encased 
with  various  thicknesses  of  metal  and  from  equal 
total  weights  of  bombs  of  various  case-weights  era 
estimated,  using  the  positive  impulse  criterion.  (See 
Section  2.4.1.)  It  should  be  omphaaized  that  experi¬ 
ment  shows  no  significant  difference  in  the  effect  of 
a  csss  for  various  explosive  fillings.  Hence,  improve¬ 
ments  obtained  by  reducing  the  case-weight  are  in 
addition  to  improvements  obtained  from  better  explo¬ 
sives  (sco  Section  8.4-8)  or  by  proximity  fuzing  (soa 
Section  8.4.5). 
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Tuta  i  Estimated  relative  wm  of  damage  from 
bomb*  at  various  cue  thioknesM.* 


A.  Ckuf-vmc M  tqvolfor  oU  bomb*. 


Type  of  bomb 

Total  weight 
Wt  of  charge 

Equivalent 
cylinder 
C/W  ratio 

Estimated 
relative 
damage  area 

Bare  chares 

L0Q 

LOO 

LOO 

Aluminum  cut 

UO 

0.03 

0.88 

Thin  steel  case 

i.tB 

0.00 

0A3 

LCborob 

IM 

0U82 

0.71 

OP  bomb 

1.88 

0.04 

0.40 

B.  Total  voight  oqualfor  aU  bomb*. 

Equivalent  Estimated 
Charge  weight  cylinder  relativ* 

Type  of  bomb 

Total  weight 

C/W  ratio 

damage  ana 

Bare  oharga 

1.00 

1.00 

1.00 

Aluminum  esse 

0.80 

0.03 

0.70 

Thin  steel  case 

0.87 

O.CO 

0.80 

LG  bomb 

0.80 

0.83 

0.63 

OP  bomb 

0.63 

0.64 

0.31 

Tbs  tun*  lyp*  ol  tiplolv*  6111  a*  U  iwri  thrwsbout. 
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Reflection  of  Shocks  and  tho 
Mach  Phenomenon 


Tits  Rankinh-Kuqoniot  Equations 
Relations  (the  Rankine-Hugoniot  equations)  that 
express  the  application  of  the  lava  of  conservation  of 
mass,  momentum,  and  energy  to  a  shock  wave  are 


p(U  — 1») 

P  —  P'^pJfU. 

53  i  (p  +  P») 


(«) 


where  U  is  the  velocity  of  the  shock  front,  p,  p,  u  are 
the  density,  pressure,  and  particle  velocity  behind  the 
shock,  pt,  pa  are  the  corresponding  quantities  in  the 
undisturbed  medium  in  front  of  the  shock,  and  AS 
is  the  change  in  energy  content  in  crossing  the  shock 
front.  All  pressures  are  absolute,  not  gauge,  pressures. 

These  equations  can  be  combined  to  produce  the 
following  explicit  dependence  of  the  velocity  of  propa¬ 
gation  V  on  the  pressure  in  tho  shock  p  and  the  pres¬ 
sure  p,  and  velocity  of  sound  c*  in  the  undisturbed 
medium  (a  perfect  gas) 


*-(*rX5K¥9  « 

where  y  ia  the  ratio  of  specific  heats  it  constant  pres¬ 
sure  and  constant  volume.  For  sir,  et  pressures  (snd 
corresponding  temperatures)  not  exceeding  300  pai, 
y  is  very  nearly  constant  and  equal  to  1.40.  The 
velocity-pressure  relation  for  air  tor  these  pressures 
then  becomes; 


*  p  IIP  1 

p.  8 


(8) 


As  pointed  oat  in  Section  2.3.8,  this  equation  is  the 
basis  for  a  very  accurate  method  for  determining  peak 
pressures.  For  temperatures  corresponding  to  pres¬ 
sures  h-^uer  than  300  pai,  y  pt  1.40;  the  properties- 
of  air  to  15000  K  have  been  computed  and  tabu¬ 
lated.1" 


Head-on  Ritlxction  or  Shocks 

The  reflection  of  shocks  from  plane  surfaces  was 
briefly  described  in  Section  2.2.3;  e  mors  detailed 
analysis  ia  presented  below. 

When  a  shock  strikes  a  plane  reflecting  surface 
head-on,  the  properties  of  the  reflection  phenomenon 
obey  not  only  the  Rankine-Hugoniot  equations,  but 
the  iddcd  requirement  that  no  matter  can  cross  the 
boundary  between  the  surface  and  tho  gas.  Hence,  the 
particle  velocity  behind  the  reflected  shock  as  it  leaves 
the  surface  must  be  sero  with  respect  to  the  walL 
figure  6A*  depicts  a  plane  incident  shock  I  just 


,  aa** 


a  ® 

r///7/////s//s/j,J7 


1AM 


b  e 

vt-.* 

///M//77//S/7J777 


Fromm  A  Rejection  of  shock  from  plane  aurfsos. 
A.  Iomdeot  shock  before  r«  Section.  B.  Shook  altar 
rcQoetion. 


before  striking  a  wall  T7.  In  the  region  B,  behind 
the  shock,  the  pressure,  density,  particle  velocity, 
and  velocity  of  sound  are  p,  p.  u,  and  e,  respectively, 
and  the  corresponding  quantities  in  front  of  the  shock 
(i.e.,  in  the  undisturbed  medium  A )  are  pm  p„  u,  =* 
0  and  respectively.  Upon  striking  the  well,  the 
shock  R  ia  reflected  and  travels  away  from  the  wall 
iutc  the  compressed  region  B.  The  pressure,  density, 
and  local  velocity  of  sound  behind  the  reflected  shock 
(le.,  between  R  and  17  in  the  region  C)  are  denoted 
by  jt,  p,  <f.  Th*  particle  velocity  vt  equals  zero,  aa 
mentioned  above. 

Tho  pressures  in  the  regions  A  and  O  are  related  to 
the  pressure  in  B  by: 


It  should  bo  acted  that 

i  S  t.  (Ti»- 

By  application  of  equation!  (6),  and  assuming  aa 
ideal  gas,  the  compression  ratio  of  the  reflected 

*  The  figurc.i  snd  notations  are  dus  to  von  Neumann  whose 
exposition  of  this  subject  U  particularly  clear. 
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shock  can  be  obtained  In  terms  of  that  of  the  incident 

shock  A 

„  (3r-i>-(r-n<  ... 

f  (y  +  i)<+(7~D  *  w 


Again  y  refers  to  the  ratio  of  specific  heats  at  con- 
etant  pressure  and  at  constant  volume.  If  y  is  taken 
to  be  constant  and  equal  to  1.40  over  the  whole  range 
of  pressure,  it  can  be  aeen  that 


1  S  £  S  8,  when  1  s-  f  0  . 


That  is,  according  to  their  relation  for  very  strong 
incident  shocks,  the  pressure  in  the  reflected  shock  may 
be  as  much  as  eight  times  as  great  as  the  pressure  in  the 
incident  shock.  Fcr  very  weak  shocks,  the  excess  pres¬ 
sure  (p*  —  fo)  in  the  reflected  shock  is  about  double 
that  in  the  incident  shock  (p  —  p0).  However,  for  very 
strong  shocks  in  sir  y  ^  1.40,  and  it  is  no  longer 
possible  to  get  an  accurate  solution  using  the  approxi¬ 
mation  assuming  air  to  be  an  ideal  gas. 


Oblique  Reflection  or  Shocks: 

Bsoulak  Reflection 

The  theory  of  the  oblique  reflection  of  shocks  from 
plane  surfaces  has  been  presented.  Consider  an  inci¬ 
dent  plane  shock  l  which  meets  a  wall  IV  at  an  angle 
a.  (See  Figure  f.)  A  reflected  shock  R  is  formed  at 
the  wall  at  some  angle  a'.  With  notation  similar  to 


that  of  the  previous  section,  A,  B,  C  are  the  domains 
is  front  of  the  incident  shock,  between  tha  two  ahocka, 
and  behind  tho  reflected  ahock,  respectively.  The  gaa 
in  these  domains  has  pressures  p„  p,  p\  densities  p*. 
p,  p',  and  load  sound  velocities  c*.  e,  c*.  respectively. 
The  velocity  of  propagation  of  the  incident  shock  with 
respect  to  the  gaa  in  A  is  U,  snd  that  of  the  reflected 
shock,  also  with  respect  to  the  air  in  A,  is  U\  If  the 
frame  of  reference  is  taken  fixed  with  reaped  to  the 
line  of  contact  with  the  wall  T ,  gaa  can  be  considered 
as  flowing  into  the  shock  with  tha  velocity  s.  This 
flow  is  turned  (in  tho  direction  x)  by  tho  oblique 
shock  I  end  its  velocity  is  changed.  Since  there  can 
be  no  component  of  flow  normal  to  tha  wall,  behind 
R,  the  strength  of  R  and  the  angle  o'  must  be  such 


that  the  flow  ia  again  turned  parallel  to  tha  wall  in 
tha  direction  s'. 

By  application  CZ  i£e  Rankine-Hugoniot  equations 
and  ideal  gas  laws  to  the  above  simple  geometrical 
picture,  the  strength  snd  angle  of  o'  of  the  reflected 
shock  R  have  be  a  computed  as  functions  of  tha 
strength  of  T  and  its  angle. u,  m  Several  remarkable 
properties  of  obliquely  reflected  shocks  are  predicted 
by  thia  theory. 

1.  For  a  given  strength  of  incident  shock’ (measured 
by  £),  there  is  some  angle  of  incidence  a«xtr*a»  such 
that  the  type  of  reflection  described  above  cannot 
occur  for  a  > 

8.  For  each  gaseous  medium,  there  is  some  angle 
«,  such  that  for  a  >  a,  the  strength  of  the  reflected 
shock  is  greater  than  it  is  for  head-on  reflection.  For 
oir  (approximated  as  an  ideal  gas  with  y  =  1.40)  «4  =* 
S9°  28V 

3.  For  a  given  strength  of  incident  ahock,  there  ia 
some  valae  for  a  =  am(,  such  that  is  a  minimum. 

4.  The  angle  of  reflection  a*  is  an  increasing  mono¬ 

tonic  function  of  the  angle  of  incidence  a.  For  a  3  au 
a*  £  a  and  for  a  =  V  >  o. 

These  properties  of  obliquely  reflected  shocks  of 
finito  strength  ((  <  1)  may  be  contrasted  with  cor¬ 
responding  properties  of  acoustic  waves  (in  which 
f  ~  !)• 

1.  Acoustic  reflection  occurs  for  0  £  a  <  90°. 

2.  {  =  g  for  all  values  of  a. 

3.  Same  as  8. 

4.  a  =  o'  for  all  values  of  o'. 

The  theory  of  regular  reflection  received  exhaustive 
tests  in  experiments  at  the  Princeton  Uuiversity  Sta¬ 
tion.**  A  "shock  tube,1*  consisting  of  a  pipe  of  rec¬ 
tangular  cross  section  partitioned  by  a  destructible 
diaphragm,  was  employed.  (Seo  Section  2.3.4)  In  ona 
section,  the  compression  chamber,  compressed  air  waa 
admitted  to  build  up  the  desired  pressure.  In  tha 
other  section,  the  expansion  chamber,  tho  air  was  at 
atmospheric  pressure  or  below  it  When  tho  diaphragm 
was  punctured,  it  was  shattered,  and  a  plane  shock 
wave  was  propagated  through  the  exponcion  chamber. 
A  "wall,"  which  could  bo  set  at  any  desired  incidence 
with  tho  shock  wave,  was  held  firmly  in  the  expansion 
chamber.  By  means  of  transparent  windows,  the  shock¬ 
wave  system  and  the  wall  wero  photographed  in  pro¬ 
file,  using  a  spark  as  a  light  source.  Shock  strengths 
wei.i  computed  from  measured  shock  velocities 
The  theory  of  regular  reflection  was  verified  for  a 
wide  range  of  pressures  and  angles  of  incidence.  Tha 
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prediction  tint  no  two-chock  (Le.,  regular)  reflection 

conld  exist  chore*  8  « . — ,  vet  quantitatively  con* 

firmed. 

Haoh  BcrLsonov 

In  a  aeries  of  paper*,  E.  Machm  u*  and  coflabo. 
ratora  reported  experiment*  on  the  interaction  of  ahock 
waves  arising  from  intense  sparka.***-***  Their  ex¬ 
periment*  were  a*  follow*.  To  a  glia*  plate,  tinfoil 
electrode*  were  cemented,  so  that  one  or  more  spark* 
from  a  battery  of  Leyden  jars  would  follow  preset 
patterns  on  the  glass  surf  sea.  Parallel  with  tha  first 
plate  and  a  few  millimeter*  from  it  a  second  plate  was 
supported,  coated  on  its  inner  surface  with  soot  When 
a  spark  occurred,  the  soot  just  opposite  it  was  blasted 
clear  of  the  plate.  They  observed  that  if  the  electrodes 
were  so  arranged  that  two  sparks,  one  long  (the  linear 
spark),  the  other  quite  short  (the  point  spark),  oc¬ 
curred  aimultaneously,  not  only  was  the  soot  cleared 
away  opposite  the  sparks  themsolves,  but  a  thin  line 
of  soot  was  deposited  between  the  point  and  line  sparka 
in  the  shape  of  a  parabola,  the  poiut  being  the  focus, 
the  line  the  directrix.  The  line  of  soot  was  inter¬ 
preted  to  be  the  locus  of  intersection  of  the  plane  and 
cylindrical  ehocks  from  the  two  sparks.  However,  at 
the  two  ends  of  the  parabolio  line,  the  line  broadened 
into  tans  or  P’s,  regions  from  which  soot  was  portly 
cleared.  Thia  is  called  the  Mach  V-ouslrsiluny,  or 
aimply  the  Mach  V. 

Experiments  of  this  type  were  repeated1**  at  Har¬ 
vard  in  1941,  particular  attention  being  directed  to 
etudy  of  the  V.  Using  an  arrangement  similar  to 
Mach’s,  with  an  "angular”  spark  8  (angle  between 
two  sparks  =  2a)  and  a  linear  spark  S'  opposite  the 
angle,  it  was  found  that  with  angles  less  than  2a  =» 


110°,  no  V  was  formed,  but  that  a  ridge  of  soot  bisect¬ 
ing  the  angle  was  formed  instead.  As  8a  was  in¬ 
creased  over  110°,  a  V  was  formed,  and  the  angle 
(2$)  of  the  V  was  found  to  increase  aa  a  was  in¬ 
creased.  (See  Figure  8.)  Moreover,  lines  1,  1',  8,  8% 
and  3  were  observed  in  the  soot  Line*  1  and  1'  were 
obviously  the  lod  of  intersection  of  th*  shock*  from 


8  and  S '  lying  above  and  below  the  axis  of  symmetry, 
respectively,  and  8  and  2'  were  thought  to  be  loci  of 
intersection  of  the  portion*  of  8  and  S'  on  opposite 
•ides  of  the  axis  of  symmetry.  In  the  V  region,  only 
one  ahock,  3,  was  observed. 

Similar  experiment*  were  performed1**  with  re¬ 
fined  technique,  and  photograph!  were  obtained  show¬ 
ing  tho  instantaneous  picture  of  the  shock  ay  stem 
from  an  angular  spark.  PhotograpL*  of  thrco-ahock 
systems  involving  shocks  related  to  1,  8,  and  3  in 
Figure  8  have  been  obtained  by  many  investigators. 
The  reflection  was  photographed"  of  shocks  arising 
from  explosive  sources;  reflection  of  the  bow  waves 
of  projectiles  in  flight  from  plane  surface*  was  photo¬ 
graphed  at  URL.* 

It  was  pointed  out  above  that  regular  (be.,  two- 
shock)  reflection  cannot  occur  at  angles  a  >  a^t,,,^. 
Some  otlnir  shock  system  must  replace  it;  inch  a  sys¬ 
tem  is  tho  thvee-shock  system  composed  of  th*  inci¬ 
dent  /.reflected  A, and  Mach  U  shocks  (see Figure 9). 1 

It  has  bcou  demonstrated  experimentally4*  that, 
in  addition  to  tho  three  shocks  I,  B,  and  M  there  it  a 
"slipstream”  8 ,  which  is  •  boundary  between  regions 
of  different  particle  velocity  and  different  density 
but  of  tho  same  pressure.  It  was  also  found  that,  when 
a  >  **,(,, *  Mach  wave  if  is  formed  at  tha  wall 
which  grow*  as  the  shock  system  moves  along  the 

•  Work  of  A.  C.  Charters  ard  R.  N.  Thomas  of  BRL. 

f  Note  that  om  can  think  of  obtaining  tha  configuration  of 
Figure  8  (l  a.,  lntewoetlon  of  ahocU)  by  removing  tha  will  W 
In  Figure  0  and  replacing  it  by  the  mirror  Image  of  the  ahock 
system  shove  lb*  walL 
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wall,  and  the  locus  of  the  triple  point  T  it  A  straight 
line,  l  —  L 

The  theory  for  Mach  configuration*  in  ahock  sys- 
tpr.n  it  only  partly  developed.  A  number  of  work* 
mj1".'"1"  recently  have  contributed  to  the  prea- 
ent  atate  of  ita  advancement  However,  there  ia  a  large 
body  of  experimental  work  on  the  Mach  wave  system, 
and  empirical  correlation*  have  been  found  which 
make  the  result*  very  useful  for  practical  military 
purpose*. 

The  Application  or  Oblique  Reflection  in 
Aih-Buebt  Bones 

The  proposal  that  the  effectiveness  of  bombs  might 
be  increased  if  they  were  detonated  at  some  height 
above  the  ground,  rather  than  on  the  ground,  waa  ad¬ 
vanced  early  in  the  war.  However,  the  properties  of 
oblique  and  Mach  reflection  were  not  understood  at 
that  time,  and  the  improvement  in  performance  was 
supposed  to  arise  from  a  reduction  of  the  screening 
effect  of  one  building  on  another.  A  model  town  waa 
built  of  brick,  earth,  and  heavy  timbers,  and  blast 
measurements  were  made1'1,1**  by  URL  with  gauges 
located  among  the  buildings  and  charges  detonated 
at  various  heights  above  the  streets.  The  results  indi¬ 
cated  that  peak  pressures  were  considerably  greater 
from  a  charge  burst  at  the  optimum  height  than  from 
a  ground-burst  charge,  and  that  the  area  of  damage 
of  the  B  category  could  bo  more  than  doubled  by  air 
burst,  if  the  impulse  criterion  waa  assumed  to  apply. 
(See  Section  2.4.1.)  The  optimum  height  for  maxi¬ 
mizing  B  damage  from  4,000-lb  bombs  was  taken  to 
be  200  ft  (  a  figure  later  shown  to  bo  much  too  great). 

A  number  of  4,000-lb  HC  bomba  were  provided 
with  proximity  fuzes,  set  to  function  at  about  200  ft 
above  the  ground,  and  were  dropped  iu  British  raids 
over  Mayen  aud  Spczia.  For  a  number  of  reasons,  only 
a  fow  of  tho  bomba  functioned  properly  over  appropri¬ 
ate  target  arcaa,  with  interprctablo  post-raid  air-cover 
photography.  These  incidents  were  evaluated  and  it 
waa  decided  that,  since  the  two  bombs  (out  of  10 
dropped)  which  could  be  located  and  which  func¬ 
tioned  properly  at  190  fi  above  ground  level  gave  lees 
demolition,  but  twice  as  much  visible  damage  aa 
would  impact-burst  bombs,  the  perform  once  did  not 
Justify  its  introduction  into  service.  Tliia  decision,  of 
course,  waa  buccd  on  three  misconceptions ;  (1)  thet 
shielding,  or  rather  the  absence  of  shielding,  was  solely 
responsible  for  increased  damage  area;  (3)  that  the 
optimum  height  of  burst  should  be  200  ft  (instcod  of 
40  to  70  ft  as  was  later  demonstrated) ;  and  (8)  that 


demolition  could  not  be  Increased,  but  only  reduced 
by  air  bunt  It  is,  however,  surprising  that  to  impor¬ 
tant  a  decision  waa  made  on  auch  poor  grounds;  th* 
performance  of  two  bombs  was  the  whole  basis  for  th* 
decision.  In  spite  of  this,  in  the  light  of  later  experi¬ 
mental  evidence,  the  performance  of  the  bomba  waa  - 
Just  what  would  be  expected  from  a  hunt  as  high 
above  the  optimum. 

In  1948,  it  was  urged  that  the  blast-measurement 
groups  at  UERL  and  Princeton  undertake  further 
studies  of  the  properties  of  air-burat  charges,  and  thia 
time,  the  basis  of  the  proposal  waa  not  shielding,  but  ' 
the  properties  of  obliquely  reflected  ahock  waves,  even 
in  the  absence  of  a  built-up  area.  In  December  194S 
there  was  begun  at  UERLa  study  of  the  effect  of 
height  of  burst  on  the  peak  pressures  and  positive  im¬ 
pulses  in  the  blast,  measured  at  a  few  set  horizontal 
distances  from  a  email  charge  detonated  at  various 
heights  abovo  the  ground;1**-1**  gauges  were  placed 
at  a  fow  heights  above  the  ground.  Somewhat  earlier, 
the  Princeton  University  Station  had  undertaken  sim¬ 
ilar  studies,  with  several  gauge-to-chargo  distances,  the 
gauges  being  mountod  flush  with  the  ground.1**"1** 
The  work**  using  the  ahock  tube  with  a  photo- 
graphic  technique  that  was  described  above  waa  also 
begun  in  this  period.  The  UERL  work,  in  collabora¬ 
tion  with  SOQ  included  cardboard-cased  charges  of 
2-,  12*,  and  42-lb  weight;  that  of  l’rinccton  Univer¬ 
sity  Station  included  largely  y2-lb  TNT  eDgineor 
blocks.  AU  results  were  in  agreement :  as  the  height  of 
burst  was  increased,  the  peak  pressuro  and  positive  im¬ 
pulse  measured  at  a  fixed  horizontal  distance  in¬ 
creased  to  maximum  values  and  then  decreased.  The 
height  of  burst  required  to  produco  a  maximum  area 
of  specified  damage,  i.o.,  tho  optimum  height  of  burst, 
depended  to  some  oxtent  on  the  magnitude  of  the 
peak  pressure  or  positive  impulse  of  the  area  of  which 
it  was  desired  to  maximize.  For  demolition-type  dam¬ 
age,  the  height  of  burst  was  such  that  the  Tango  of 
heights  at  the  optimum  for  a  4,000-lb  Hght-catei 
(LC)  bomb  was  estimated  to  bo  40  to  70  ft  Tho  maxi¬ 
mum  ^  particularly  for  po3itivo  impulse)  was  found  to 
be  so  broud  that  the  optimum  height  was  not  critical: 
variations  from  it  of  ss  much  as  ±20  per  cent  pro¬ 
duced  within  10  per  cant  of  tho  optimum  positive 
impulse. 

Finally,  these  studies  were  followed  by  full  bomb- 
scale  testa.  UERL  snd  SOQ  measured  tho  blast  from 
bombs  ranging  in  size  from  350-lb  depth  bombs  to 
2,000-lb  QP  bomb*  supported  at  various  heights  above 
the  ground.1**'1*'  Tho  earlier  small  charge  result* 
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were  confirmed  and  the  increase  In  an*  of  damage 
from  air -burst  over  impact-burst  bomba  was  predicted 
to  be  SO  to  100  per  cent  The  UERL  work  is  sum¬ 
marized**  and  an  empirical  method  for  express¬ 
ing  the  results  by  means  of  a  few  parameters  is 
reported.1** 

In  the  meantime,  when  British  investigators  Teamed 
of  the  early  UEBL  results,  the  question  of  sir  burst 
was  reopened  and  the  assessment  of  the  raids  on 
Mayen  and  Speria  was  re-examined. w*  It  was  con¬ 
cluded  that  the  buret  at  200  ft.  gave  B  damage  slightly 
less  than  for  ground  buret,  and  about  twice  as  much 
less  serious  C  damage,  and  that  the  Speria  incident 
was  fully  in  accord  with  the  model  town  experi¬ 
ments.1*1  When  the  Static  Detonation  Committee 
compared1**  the  early  UEBL  and  BEL1*1  results  it 
|  concluded  that  they  were  broadly  in  agreement.  A 

j  commentary1**  waa  isaued  which  stated  the  history 

i  of  the  British  experience  and  reconciled  it  with  UERL 
'  results.  Additional  information  about  the  effect  of  air- 
!  .  burst  bombs  was  obtained  from  V-l  bombing  incidents 

,  in  Br:  ■ain.1** 

1  Two  new  aeries  of  bloat  measurements  on  sir  buret 
wero  undertaken  in  England.  In  one,  87-lb  bare 
!  charges  of  Composition  B  were  detonated  at  various 
!  heights  shove  tho  open  ground,  with  gauges  it  various 
I  distances  from  tha  charge  and  at  two  heights  above 
the  ground.1**  These  results  were  in  fair  sgreement 
with  the  previous  work  at  UERL  and  Rrinceton  Uni- 
1  vereity  Station.  Quantitative  differences  in  tha  moa- 

I  sured  quantities  among  tho  results  of  the  four  labora¬ 

tories  wero  found,  and  although  these  have  not  been 
i  fully  explained  to  dato,  all  results  are  in  approximata 
I  agreement  in  the  optimum  heights  of  burst  and  tha 
magnitude  of  vhe  increased  effectiveness  to  be  expect¬ 
ed.  In  a  second  eerie*  of  trials1*4  a  ono-soventh 
scale  model  town  was  constructed  and  8-lb  charges 
of  Composition  B  were  fired  at  various  heights  above 
streets  and  buildings,  with  gc.ugca  recording  the  blast 
at  various  points  in  the  city.  These  experimente  con¬ 
firmed  the  earlier  work  in  that  blast  pressure*  and 
impulses  wore  found  to  bo  maxi  mixed  by  air  burst. 
Moreover,  the  presence  of  buildings  did  not  alter  this 
advantage.  Earlier  work1**  had  also  shown  that  the 
increase*  in  effectiveness  due  to  air  burst  could  be  ob¬ 
tained  with  obstacles  in  the  path  of  tha  blast 
Tho  general  subject  of  “Air  Burst  for  Blast 
Bombs”1  was  treated  at  a  symposium  in  Washington, 
D.  C.,  sponsored  by  Division  2,  NDUC,  for  tha  pur¬ 
pose  of  presenting  tha  subject  to  representatives  of 
the  Services.  The  topics  included  an  introductory  ex¬ 


planation,  tha  experimental  background,  the  inter¬ 
pretation  of  results  in  terms  of  expected  damage,  and . 
performance  of  existing  VT  faxes  in  this  application. 
The  theory  of  the  Mach  effect,  tha  experimental  veri¬ 
fication  of  the  theory  of  oblique  reflection,  and  an 
empirical  method  for  correlating  the  experimental 
results  were  also  described. 

The  direct  outcome  of  tha  experimental  results  la 
a  set  of  curves  expressing  the  dependence  of  peak 
pressure  and  positive  impulse  on  the  height  at  which 
the  charge  is  detonated,  with  gauges  located  at  vari¬ 
ous  horizontal  distances  from  the  charge  and  ad 
various  heights  above  ground.  If,  from  other  source^ 
the  magnitudes  of  peak  pressure  and  positive,  im¬ 
pulse  required  to  produce  a  specified  degree  of  dam¬ 
age  are  known  the  experimental  result*  efford  a 
means  of  establishing  the  height  of  burst  (tha  opti¬ 
mum  height)  required  to  maximize  the  damage  and 
of  predicting  the  gain  in  area  of  damage  to  be  ex¬ 
pected  from  air  bunt 

A  blast  pressure  gauge,  which  ia  located  at  soma 
height  ft,  above  the  ground  at  a  distance  d  measured 
horizontally  from  tho  charge,  will  record  one  of  two 
general  type*  of  pressure-time  record,  depending  upon 
whether  the  gauge  ia  within,  or  outride  of,  tha  Maria 
region.  This  ia  illustrated  in  Figures  10A  and  B. 
Figure  10A  shows  the  single-peak  type  of  pressura- 
time  record  obtained  when  the  gauge  is  flush  with 
the  ground,  or  when  the  triple  point  T  (at  which  tha 
Mach  wave  and  incident  and  reflected  waves  meet) 


Flora*  10.  Precjurt-Um*  curve*  recorded  below  and 
above  triple  point  A.  Siogle-petk  gauge  record. 
B.  Double-peak  gauga  record. 
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la  higher  than  the  gauge.  Figure  10B  represents  a 
double-peak  record,  <uch  as  ia  obtained  when  the 
height  of  the  gauge  is  greater  than  that  of  the  triple 
point  The  incident  peak  pressure  ia  P„  the  reflected 
peak  pressure  PM)  and  the  Mach  peak  pressure  PM, 
The  positive  impulses  in  the  two  cases  are  propor¬ 
tional  to  the  areas  of  the  crosahatcbed  parts  of  the 
figures.  The  times  and  t a  are,  respectively,  the  re¬ 
flection  time  and  positive  duration  "f  the  wave.  If  the 
gauge  ia  above  the  triple  point  the  nearer  it  ap¬ 
proaches  the  triple  point,  the  smaller  ia  tB.  By  plot¬ 
ting  the  reflection  time  at  a  given  gauge  versus  the 
charge  height  the  charge  height  at  which  the  triple 
point  is  just  at  the  gauge  can  be  determined  (1&, 
t„  is  just  zero).  Thus  ihe  path  of  the  triple  point  can 
be  determined  for  each  chargo  height  and  a  family 
of  curvet,  such  as  those  in  Weapon  Data  Sheet 
3A8U*  of  Chapter  19  can  be  obtained. 


the  meanings  of  some  of  the  symbols  are  u  follows. 
Other  symbols  are  defined  on  the  figure  itaelL 
C  explosive  charge 
t  height  of  charge 
/  incident  shock 
S  reflected  shock 
M  Mach  shock  (stem) 

S  slipstream 
r  triple  point 
y  height  of  stem 
l  —  l  path  of  triple  point 
«*una*  limiting  angle  for  regular  reflection 
d,  distance  on  ground  corresponding  to 

*ntM» 

For  simplicity,  the  stem  ia  shown  as  a  vertical  atraight 
line,  although  this  is  not  always  the  case.  Note  that 
the  definition  of  a  is  given  a  special  extension  when 
a  Mach  shock  is  formed,  and  that  a  may  bo  obtuse. 


Fiuurx  11,  Geometry  of  Mach  reflection. 


It  was*"  found  that,  if  the  path  of  the  triple  point 
was  expressed  in  terms  of  $  and  a  —  autrim,  (sec 
Figure  11),  ihe  paths  of  triple  points  from  all  sizes  of 
charge,  at  all  heights  above  the  ground,  at  all  distances 
from  the  charge  could  be  represented  by  a  single 


In  Figure  12,  the  dependence  of  d„  the  horizontal 
limit  of  regular  reflection,  on  the  charge  height  A, 
is  shown,  and  values  of  are  indicated.  The 

linear  dimensions  are  normalized  by  the  scaling  fac¬ 
tor  where  IF  is  the  weight  of  charge;  d„  of 


curve,  to  a  satisfactory  approximation.  In  Figure  11,  course,  depends  upon  the  pressure-distance  function 
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Fiodm  12.  Theoretical  limit  for  regular  reflection 

versus  charge  height. 

of  the  explosive  charge.  With  the  aid  of  Figure  12 
together  with  Figure  13,  which  shows  the  dependence 
of  £  on  a  —  Outremu  the  paths  of  triple  points  can 
bo  computed. 

The  particularly  practical  applications  of  theso  re¬ 
sults  is  baaed  upon  the  experimental  fact  that  tiro 
pressure  at  the  gauge  is  maximized  when  the  height 
of  charge  ia  0.9  of  that  required  to  cause  the  triple 
point  to  pasa  through  the  gauge. 

The  height  of  charge  which  gives  the  maximum 
positive  impulse  at  a  gauge  is  somewhat  greater,  in 
general,  than  that  required  to  make  the  triple  point 
pucs  through  the  gauge.  However,  the  optimum 
height  is  not  critical,  so  that  for  moderate  ranges  of 
degrees  of  damage  the  Bame  height  of  burst  can  bo 
used  to  maxi  mu  o  tho  damage,  whether  the  criterion 
of  damage  he  peak  pressure  or  positive  impulse. 

Figure  14  represents  the  expected  radii  of  two  types 
of  dainago  as  functions  of  the  height  of  burst  of  a 
4,C00-lb  LC  bomb  filled  Composition  B.  These  surges 
were  estimated  from  experimental  results  on  the  as¬ 
sumption  that  the  mean  radiua  of  demolition,  maxi¬ 
mum  radius  of  demolition,  and  mean  radius  of  visible 
damago  correcpond  to  impulses  of  120,  90,  and  55  psi- 
nuec,  respectively.  These  impulccs  would  be  produced 
midway  up  a  wall  5C  ft  high,  sidc-on  to  the  blast  from 


Fiauaa  IS.  4  versus  a  —  a  mm*. 

the  bomb  in  question  at  the  distances  and  chargo 
heights  shown. 

The  salient  features  of  Figure  14  are: 

1.  The  expected  radii  of  damage  are  increased,  on  tha 
average,  about  45  per  cent  At  the  maxima  so  that  tha 
expected  areas  of  damage  would  be  increased  by  about 
100  per  cent  on  tho  average. 

2.  The  height  of  burst  required  to  maximize  the 
radius  of  damago  is  not  critical,  and  is  roughly  the 
same  for  both  categories  of  damage  considered.  A 
height  of  burst  of  3Q  to  100  ft  would  produce  witliin 
10  per  cent  of  tho  maximum  obtainable  damage ;  tho 
optimum  height  would  bo  *0  to  60  ft. 

The  percentage  increase  in  area  of  damage  ia  great¬ 
est  for  the  moat  severe  type  of  damage  (demolition). 

That  air  burst  improves  the  performance  (i.e.,  blast 
damaging  power)  of  a  bomb  has  been  demonstrated 
in  actual  raids,  as  has  already  been  mentioned.  The 
Spezia  incidents  showed  that  an  air-burst  4,000-lb 
bomb  detonating  at  about  200  ft  above  the  ground 
reduced  demolition  and  doubled  the  area  of  visible 
damago  compared  with  previous  experience  with 
ground-burst  bombs.  This  ia  precisely  what  the  ex¬ 
perimental  results  would  predict  for  a  bomb  burst  so 
high  above  the  ground.  The  V-l  incidents,  in  which 
the  bombs  burst  above  the  ground  (as  a  result  of  strik¬ 
ing  trees,  etc.)  at  about  tho  optimum  height,  add  fur¬ 
ther  confirmation  of  the  improvement  from  air  burst 

It  has  been  announced  that  tho  atomic  bombs  used 
over  Hiroshima  and  Nagasaki  were  buret  well  above 
the  ground.  If  the  atomic  bomb  were  similar  to  a 
charge  of  20,000  tons  of  TNT  as  far  as  blast  ia  con¬ 
cerned  and  if  tho  peak  pressure  required  to  demolish 
a  representative  Japanese  building  wero  5  psi,  the  op¬ 
timum  height  of  burst  would  be  about  2,700  ft,  and 
the  area  of  demolition  would  be  about  4.9  square 
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Fionas  14.  Damage  radius  from  4,0004b  bomb  bunt  it  various  height*  (estimated). 


miles.  Were  the  same  bomb  burst  at  ground  level,  the 
area  of  demolition  would  be  about  2.6  square  miles 
(using  again  the  assumption  that  5  psi  is  critical  for 
demolition).  This  computation  indicates  a  possible 
90  per  cent  increase  of  the  effectiveness  of  an  atomic 
bomb  by  air  burst  Weapon  Data  Sheet  3-A-9'**  of 
Chapter  19  wos  used  for  this  computation. 

A  simple  argument  which  shows  that  it  is  phyai* 
colly  reasonable  that  damage  should  be  increased  by 
air  burst  is  s s  follows :  If  a  bomb  ia  burst  very  high 
above  the  ground,  so  that  the  reflection  from  the 
ground  occurs  much  later  than  docs  the  incident 
shock  wave  at  a  gauge  also  high  above  the  ground,  the 
free-air  peak  pressure  exists  in  the  approximately 
spherical  shock  wave.  If  the  same  bomb  bursts  on  tho 
ground,  only  one  (hemispherical)  wave  is  produced, 
but  the  pressure  in  the  wave  is  Lie  same  as  that  from 
a  bomb  of  twica  the  weight,  burst  in  free  air.  (See 
Section  2.2.3.)  According  to  equation  (1),  the  pres¬ 
sure  at  a  fixed  distance  from  a  bomb  of  twica  the 
weight  would  be  about  l.S  times  that  of  a  bomb  of 
equal  weight,  both  being  burst  in  free  air.  Now  sup¬ 
pose  the  bomb  is  burst  at  the  optimum  height  above 
the  ground.  The  shock  wove  from  the  image  charge 
( C',  Figure  2)  will  add  to  that  from  the  bomb,  and 
will  give  at  least  twice,  and,  for  very  strong  shock 
waves,  several  times  the  pressure  from  the  unit 
charge.  If  it  is  assumed  that  the  pressure  is  just 
doubled,  the  pressure  observed  near  tho  triple  point 
will  bo  2.0  times  that  from  tho  unit  charge.  Hence, 
by  raising  the  bomb  from  the  ground  to  tho  optimum 
height,  the  pressure  measured  near  tho  ground  at  a 
fixed  distance  away  ia  increased  by  the  factor 


2.0/1.6  =s  1.3.  Sines,  for  strong  shocks,  the  increase 
on  reflection  may  be  much  more  than  twice,  this  «.  U- 
mats  ia  conservative.  * 

Since  the  blast  intensity  is  greater  in  a  lateral  di¬ 
rection  when  the  bomb  ia  air-burst  than  when  it  ia 
ground-burst,  it  is  necessary  that  the  intensity  meas¬ 
ured  above  on  air-burst  bomb  be  less  than  that  from  a 
ground-burst  bomb,  since  the  total  energy  should  re¬ 
main  constant  This  ia  actually  the  case,  since  above 
an  air-burst  bomb  the  gaugo  is  high  above  the  triple 
point  and  the  reflected  wavo  does  not  reinforce  the 
incident  wave.  Hence  air  burst  can  he  considered  as  a 
means  of  introducing  asymmetry  into  tho  distribution 
of  blest  intensity  around  the  bomb,  in  such  a  way  that 
in  the  lateral  direction,  where  the  targets  are  located, 
the  blast  ia  more  intense,  while  in  the  vertical  direc¬ 
tion,  where  there  is  no  target,  the  blast  ia  less  intense. 

At  this  point,  estimates  of  the  cumulative  effect  of 
the  improvements  from  filling,  case-weight,  and  air 
burst  may  be  summarized.  In  Figure  15,  tho  estimated 
relative  areas  of  damage  from  4,000-lb  bomba  of  vari¬ 
ous  fillings,  case  thicknesses,  and  fuzings  are  repre¬ 
sented  as  bars  whose  heights  are  proportional  to  esti¬ 
mated  relative  areas  of  damage.  A  thick-cased  bomb 
of  the  OP  type  ( c/w  ratio  about  53  per  cent)  filled 
with  amatol  60/50  and  fuzed  instantaneously  was  the 
standard  demolition  bomb  used  by  this  country  at  the 
beginning  of  World  War  II.  A  very  thin-cased  bomb 
fuzed  instantaneously  filled  minol-3  was  the  latest 
type  used  by  the  British.  Both  the  V .  8.  and  Groat 
Britain  were  about  to  introduce  proximity  fnong  in 
4,000-lb  and  larger  LC  bombs  when  World  War  II 
ended. 
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It  should  be  emphasized  that  this  comparison  in* 
▼olvei  only  blast  bombs.  For  many  purposes,  such  as 
damaging  subsurface  water,  gas,  and  electric  mains, 
attack  of  very  strong,  i.e.,  blast-resistant  structures, 
interdiction  of  roads,  railroads,  and  bridges,  and  at¬ 


tack  of  troops  by  fragments,  a  large  blast  bomb  is  un¬ 
suited. 

The  proximity  fuzing  of  bombs  of  the  2,000-lb  GP 
type  and  smaller  is  not  profitable  for  purposes  of  in¬ 
creasing  tiro  structural  damage  areas,  since  the  area  of 
effectiveness  of  theso  bombs,  in  general,  ia  less  than 
the  plan  area  of  a  target  building,  and  they,  therefore, 
fimetion  best  by  penetrating  the  target  and  bunting 
within  it.  However,  an  entirely  different  purpose  is 
served  by  bursting  fragmentation  bombs  above  the 
ground :  it  has  ocen  shown  that  for  tl  a  attack  of 
troops  in  slit  trenches,  and  of  aircraft  protected  by 
revetments,  the  fragmentation  effectiveness  is  in¬ 
creased  by  air  burst. 

Blast  in  Enclosed  Room* 

Hiok  Explosives 

Thus  far,  tho  experimental  results  that  have  been 
discussed  have  had  to  do  with  the  blast  damage  effec¬ 
tiveness  of  the  shock  wave  emitted  by  a  charge  deto¬ 
nated  in  the  open,  and  it  was  asserted  that  tor  such 
application,  the  large  thin-cased  bomb  with  a  YT 
fuze  is  the  best  type.  In  this  section,  the  properties 
of  tombs  burst  within  a  target  structure  will  be  con¬ 
sidered.'** 

When  a  charge  is  detonated  inside  a  building,  the 
initial  shock  wave  is  identical  with  that  obtained  in 
the  open.  When  this  shock  wave  strikes  the  walls  that 
surround  the  charge  it  is  reflected  and  tho  reflected 
wavo  bounds  back  and  forth  among  the  walls,  floor, 
and  roof  until  its  energy  has  been  completely  trans¬ 
formed  into  heat  or  until  there  are  no  longer  confin¬ 


ing  walls,  Le.,  until  the  structure  is  demolished. 
In  addition,  the  hot  gases  from  the  detonation  are 
thoroughly  mixed  with  air,  and  the  afterburning 
process  is  greatly  facilitated  by  the  retention  of  the 
hot  gases,  at  high  pressure,  by  the  walls.  As  a  conse¬ 
quence,  a  pressure-time  curve  determined  by  means 
of  a  gauge  placed  inside  a  building  is  similar  to  that 
in  Figure  16A,  which  is  a  reproduction  of  an  actual 
gauge  record,  obtained  as  described  above.  The  initial 
shock  wave  and  the  reflections  may  be  imagined  to  ha 
superimposed  on  a  “hump."  This  hump  is  due  to  th* 
relatively  gradual  building  up  of  pressure  inside  the 
structure  as  a  result  of  the  heat  energy  released  by 
tho  explosion,  both  from  the  original  detonation  and 
from  afterburning.  The  decay  of  the  shock  wave  (and 
consequent  transformation  of  its  energy  into  heat) 
can  be  seen  as  the  damping  out  of  the  pressure  peaks 
toward  the  tail  of  the  wave. 

An  estimate  of  the  pressure  rise  in  the  enclosed 
room  which  arises  from  the  explosion  of  a  quantity 
of  high  explosive  can  be  made,  using  certain  amplify¬ 
ing  assumptions.1*'  If  the  walls  of  the  room  are  per¬ 
fectly  rigid,  nonconductors  of  heat,  without  windows 
or  other  vents,  and  if  all  of  the  available  energy  of  the 
explosive  is  realized  in  the  initial  detonation  and  sub¬ 
sequent  afterburning,  tho  pressure  riso  Ap  in  psi  ia 


Ap 


8.8/7 
V  * 


(10) 


where  II  is  the  total  heat  of  combustion  of  the  ex¬ 
plosive  in  kilocalories  and  V  the  volume  of  the  Toom 
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Pi  ami*  18.  Pressurc-timo  ’curve  recorded  for  charge 
detonated  within  building. 


in  cubic  feet.  For  a  given  (large)  room,  tho  total  posi¬ 
tive  impulse  I  must  be  proportional  to  the  heat 
evolved; 

I  =  constant  X  3 .  (11) 

Suppose,  for  example,  that  a  50C-lb  bomb  '.•ursta 
inside  such  a  building,  whose  volume  is  100,000  cu 
ft  The  bomb  contains  267  lb  of  TNT,  which  has  a 
heat  of  combustion  of  3.6  kilocalories  per  gram;  the 
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fin*)  pressure  rm,  computed  bj  mesne  of  equation 
(10),  ia  38.7  paL  Of  course,  aince  an  actual  building 
ii  far  from  the  typo  assumed  for  these  purposes,  the 
pressure  computed  can  give  only  a  very  rough  mea¬ 
sure  of  the  true  pressure. 

In  order  to  establish  the  order  of  merit  for  explo¬ 
sive  fillings  for  bombs  that  bunt  inside  target  struc¬ 
tures,  a  aeries  of  experiments  via  performed  by  SOU 
in  collaboration  vith  U  ERL. 114  Fire  different  ex¬ 
plosives,  in  the  form  of  bare  chargee  of  time  charge- 
weight*  of  each  explosive  were  fired  in  a  heavy  rein¬ 
forced  concrete  structure.  Piesoelectric  gauges  were 
used  to  record  the  pressure- time  curves  of  the  blast. 
Figure  IGA  is  typical  of  the  oscillograms  so  obtained. 
The  positive  impulse  was  computed  as  a  function  of 
time  of  integration,  and  the  results  are  expressed  as 
relative  positive  impulses  versus  time.  Figure  17  is 
reproduced  from  a  report  on  relative  effectiveness  of 
explosives  fired  in  nearly  dosed  rooms.*1*  At  very  small 
times,  the  relative  positive  impulses  are  approximately 
those  given  in  Table  2,  Section  2.4J2;  i.c.,  they  corre¬ 
spond  to  those  observed  in  the  open.  However,  at  later 
stages  in  the  pressnre-time  curves,  the  cumulative 
positive  impul^-g  relative  to  each  other  change  from 
the  open  air  values,  and,  finally,  *Se  order  of  merit  is 
quite  different  from  that  in  the  open. 

7:  juation  (11)  predicta  that  the  relative  positive 
impulse  (measured  to  very  long  times)  depends  line- 


Fiouaa  17.  Dependence  of  relative  positive  Impulse  on 
time  of  intecretioa. 
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Fiona*  18.  Dependence  of  relative  totnl  poeitlve  Impulse 
on  relative  heat  of  combustion. 


arl*  on  the  energy  liberated  by  tho  explosion.  Figure 
18,  in  which  the  relative  positivo  impulses  are  plotted 
versus  the  relative  heats  of  combustion  (TNT  having 
been  chosen  the  standard  explosive),  shows  clearly 
that  the  simple  theory  is  confirmed.  The  order  of 
merit  of  explosives  in  enclosed  rooms  is  directly  pro¬ 
portional  to  their  heatB  of  combustion. 

In  the  case  of  minol-2,  the  change  in  relative  posi¬ 
tive  impulse  (with  TNT  as  a  stnndard)  from  the 
open  air  value  (1.16)  to  the  enclosed  room  value 
(0.91)  is  very  marked;  whereas  niiiiol-2  is  one  of  the 
best  explosives  for  open  air  effectiveness,  it  is  ono  of 
the  poorest  for  confined  blast.  Tritonol  and  HBX,  on 
the  other  hand,  are  good  explosives  both  in  the  open 
and  inside  buildings.  In  the  open,  Composition  B  is 
about  midway  up  the  scale  of  explosives,  its  positive 
impulse  being  about  6  per  cent  belter  than  that  of 
TNT;  in  enclosed  rooms,  however,  Composition  B  is 
the  poorest  of  the  explosives  tested. 

The  concrete  chamber  used  in  tho  tests  described 
above  was  only  slightly  vented,  vith  about  1  sq  ft 
of  opening  per  600  eu  ft  of  volume.  4  more 
usual  venting  would  be  about  1  sq  ft  per  160  eu  ft  o£ 
volume.  Experiments’9*  carried  out  in  a  test  cham¬ 
ber  in  which  venting  could  bo  varied  over  wide  range* 
showed  that  tho  order  of  the  relative  positive  impulses 
was  not  very  dapendent  on  the  degroo  of  venting. 

From  modcl-scalo  tests  of  the  rupture  of  brick  wall* 
resulting  from  tho  explosion  of  a  charge  within  a 
structure,  it  was’9*  concluded  that  the  rupturo  of  the 
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will*  occur  over  relatively  long  periods  of  time,  and 
that  the  integration  of  the  pressure- time  carves  in  the 
enclosed  blast  experiments  to  long  times  (i.e.»  over  the 
whole  positive  duration,  or  nearly  so)  is  justified. 

It  is  implied  by  equation  (11)  that  the  scaling  law 
for  enclosed  blast  should  be 


where  /,  and  /,  are  total  positive  impulses  from  FP, 
and  IF,  pounds  of  explosive  respectively  and  the  ex¬ 
ponent  m  should  be  equal  to  unity.  In  practice,  it 
was1**  found  that  m  =*  0.9;  this  further  supports  the 
conclusion  that  in  enclosed  rooms  the  p  assures  pro- 
duced  are  directly  proportional  to  the  em^gy  released 
and  that  the  heat  of  combustion  of  explosives  is  a 
good  measure  of  their  effectiveness  under  such  con¬ 
ditions.  The  exponont  m  from  open-air  blast  measure¬ 
ments  is  about  0.67;  in  the  enclosed-room  experi¬ 
ments  the  transition  from  tho  open  air  to  the  enclosed- 
room  type  of  scaling  occurred  at  times  of  the  order  of 
20  to  40  msec  after  the  beginning  of  the  pressure- 
time  record.  This  time  is  shorter  than  that  observed1** 
to  elapse  between  detonation  and  rupture  in  their 
model-scale  experiments. 

Slow-Buekixo  Explosives 

It  had  long  been  realized  that  if  the  energy  of  com¬ 
plete  combustion  could  somehow  be  utilized  to  produce 
bleat  many  combustible  substances  offered  possibil¬ 
ities  of  greatly  improving  the  blast  performance  of 
bombs.  As  was  shown  in  the  foregoing  part,  the  blast 
impulse  in  enclosed  rooms  is  proportional  to  the  heat 
of  combustion  of  tho  explosive.  Such  substances  as 
paraffin,  gasoline,  aluminum,  etc.,  have  heats  of  com¬ 
bustion  two  or  three  times  as  great  aa  those  of  ordi¬ 
nary  high  explosives.  It  was  proposed  that  a  combus¬ 
tible  sueh  os  aluminum  powder  be  dispersed  and 
ignited  in  air,  and  that  if  tho  combustion  were  suffi¬ 
ciently  rapid,  the  resulting  blast  would  be  several 
times  or.  energetic  as  that  from  a  corresponding  quan¬ 
tity  of  high  explosive. 

The  advantages  of  a  filling  for  bombs  which  could 
be  dropped  from  low-flyiug  aircraft  and  fuzed  to  burst 
inside  a  building  after  a  short  delay  without  injury 
to  the  aircraft  from  fragment*  were  recognized  in 
Britain,  and  experiments  directed  to  this  end  were 
performed.1** 

It  was  found1*1  that  flake  aluminum  could  be  dis¬ 
persed  and  ignited  by  a  tetiyl  booster  of  a  few  pounds 
weight,  and  that  the  resulting  burning  produced  pres¬ 
sure*  which,  if  the  bombs  were  inside  a  building, 


wonld  demolish  it  The  effectiveness  in  the  open  wee 
practically  nil,  owing  to  the  slowness  of  combustion, 
and  consequent  lack  of  a  shock  ware.  Even,  com¬ 
pared1***1**  to  the  usual  HE  fillings  (e.g.,  minol-2) 
in  enclosed  rooms,  these  alow-burning  explotivta 
[SBX]  bomba  were  inferior.  However,  their  principal 
object  was  accomplished:  the  fragments  were  tew  and. 
very  short  range,  so  that  low-flying  aircraft  would  not 
be  endangered.  Combustibles  other  than  aluminum, 
inch  as  coal  dust  and  a  mixture  of  aluminum  powder 
and  gasoline  were  tried,  but  without  the  partial  suo* 
cess  of  the  early  flake-aluminum  bomba. 

When  it  was  found  that  the  flake  aluminum  bomba 
would  function  properly  only  when  tho  flake  aluminum 
was  unpolished1**  and  that  the  amount  of  inch 
aluminum  available  was  entirely  inadequate,  the 
project  was  dropped  by  British  workers. 

A  different  point  of  view  was  held  by  some  per¬ 
sons  in  the  United  States.  It  was  hoped  tc  obtain  a 
bomb  that  would  be  quits  superior  to  an  ordinary 
high-explosive  bomb  in  enclosed  room*  by  taking  ad¬ 
vantage  of  the  high  heat  of  combustion  possessed  by 
many  combustibles.  The  use  of  sovcral  substances, 
such  as  paraffin,  gasoline,  petroleum,  aluminum,  etc., 
wee  proposed  for  this  purpose.1**  It  was  realized  that 
the  problem  lay  fn  dispersing  the  combustible  quickly 
in  an  adequate  volume  cf  air,  and  igniting  it  in  such 
a  way  that  a  vory  rapid  combustion  would  occur. 

Another  proposed  use  of  the  SBX  principle  waa  in 
sabotago  devices:  a  small  burster  containing  liigh  ex¬ 
plosive  could  be  inserted  in  bogs  of  flour,  etc.,  and 
cause  a  dust  explosion.  Divisions  11  and  19  of  the 
NDRC  were  particularly  concerned  with  this  use  of 
SBX,  and  experiments  were  carried  out,  at  tho  Mary¬ 
land  Research  Laboratories, la4'1**  using  a  burster  con¬ 
sisting  of  a  small  chargo  of  granular  TNT  and  magne¬ 
sium  powder  encased  in  an  aluminum  tube  (tho 
burster  was  named  Lulu),  and,  at  the  Factory  Mutual 
Research  Corporation, *,*‘m  using  a  charge  consisting 
of  a  pressed  mixture  of  sulphur  and  aluminum  powder 
(called  Salex)  dispersed  and  ignited  by  a  small  charge 
of  tetryl. 

A  study  was  undertaken  of  various  combustible 
materials  for  use  as  SBX.,tM‘M,J  Many  smull-scale 
experiments  (with  about  two  pounds  of  combustible) 
r  ung  flake  and  powdered  aluminum,  flour,  coal  dust, 
benzene,  60/60  gacoline/ aluminum  powder,  etc.,  were 
performed.1’*  It  was  concluded  that  tho  use  of  liquid 
hydrocarbons  or  their  mixtures  with  aluminum  pow¬ 
der  were  suitable  for  SBX  and,  with  the  proper  weight 
and  kind  of  burster,  were  capable  of  giving  blast  im- 
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pulses  considerably  in  excess  of  thoee  from  equal 
volume*  of  HE  charges  fired  under  the  same  confi- 
'  tions,  i.e.,  in  enclosed  rooms.  The  apparently  contra¬ 
dictory  result  that  in  these  experiments  the  gasoline/ 
aluminum  powder  mixture  was  well  diaper  cod  and 
ignited  and  that  in  the  British  experiments  it  was 
not  might  he  explained  by  the  difference  in  the  burst¬ 
ers,  which  was  found  to  be  exceedingly  important 

Further  tests1**  on  a  larger  scale  (up  to  about  40 
lb  of  combustible)  confirmed  the  earlier  finding  that 
a  mixture  of  aluminum  and  gasoline  (containing  28 
to  38  per  cent  of  gasoline  by  weight)  could  be  well 
dispersed  and  ignited  by  a  suitable  burster,  and  that 
the  resulting  total  positive  impulse  was  considerably 
greater  than  that  from  an  HE  charge  of  the  same 
volume.  The  use  of  gasoline  improves  the  loading  den¬ 
sity  of  a  charge  containing  aluminum  powder  and  is 
itself  one  of  the  best  combustibles. 

A  typical  pvessuro-time  oscillogram  from  an  SBX 
charge  (weighing  10  to  11  lb)  fired  in  an  enclosed 
room  is  represented  in  Figure  16B.  The  scales  of  proa- 
suro  and  time  are  tho  s&mo  for  Figures  16A  (high-ex¬ 
plosive  charge,  13.6  lb  of  tritonal)  and  16B  (SBX 
charge,  10  to  11  lb  of  aluminum/gosoline  mixture). 
The  differences  between  the  two  ere  clearly  discern¬ 
ible:  the  shock  wave  from  the  burster  of  tha  SBX 
charge  has  a  very  low  pressure  but,  as  the  combustible 
burnB,  the  pressure  builds  up  to  a  bump  and  porsista 
at  a  high  level  for  a  long  time  relative  to  the  positive 
duration  of  the  blast  from  the  high  explosive. 

The  relative  total  positive  impulses  (on  an  equal- 
volume  basis)  from  SBX,  consisting  of  bentene,  and 
of  aluminum/gaaolme  (Algos),  are  plotted  in  Figure 
18  versus  their  relative  heats  of  combustion.  The  data 
plotted  for  SBX  are  from  only  an  intermediate  size, 
using  about  6.6  lb  of  benzene  or  about  10  to  11  lb  of 
Algaa.  Larger  charges  gave  more  erratic  results,  the 
proposed  explanation  of  which  had  to  do  with  the  dis¬ 
proportionately  small  burster  and  possibly  with  the 
presence  of  water  in  the  structure  when  they  wore 
fired.  The  experimental  results  for  these  two  SBX 
materials  fall  remarkably  well  on  the  straight  line 
that  expresses  the  results  from  high  explosives.  This 
indicates  that  the  combustion  of  the  SBX  was  ad¬ 
vanced  toward  the  same  degree  of  completion  os  was 
that  of  the  HE  charges. 

The  improvement  obtainable  from  the  Algas  over 
that  from  the  best  of  the  high  explosives  can  he  ex¬ 
pressed  in  terms  of  the  sues  of  buildings  which  bombs 
filled  with  each  could  presumably  demolish :  the  Algaa 
bomb  should  demolish  a  building  of  66  per  cent  larger 


volume  than  that  which  tha  tritonal  bomb  could  de¬ 
molish. 

Although  SBX  requires  further  study  to  make  cer¬ 
tain  that  it  is  advantageous  from  a  military  point  of 
view,  tha  small-scale  results  show  great  promise  and 
suggest  future  lines  of  experimentation. 

From  observations  of  the  effect  of  bombs  on  targets, 
tha  AN-23  Group'*  concluded  that  the  effectiveness 
of  a  500-lb  GP  bomb  in  a  direct  hit  is  about  10  times 
that  from  a  neaf-miss.  This  ratio  decreases  as  tha 
bomb  size  increases,  and  large  blast  bomba  whose 
effective  damage  area  is  greater  than  that  of  a  given 
target  structure,  are  leu  effective  in  direct  hits  than 
in  near-misses.  With  such  bombs,  a  direct  hit  demol¬ 
ishes  the  target  structure,  but  the  walls  of  the  building 
struck  shield  adjacent  buildings  from  the  blast,  ab¬ 
sorbing  the  energy  in  the  blast.  For  000-  and  1,000-lb 
GP  bombs,  it  is,  therefore,  more  important  to  increase 
their  direct-hit  effectiveness  rather  than  their  near- 
miu  effectiveness.  The  use  of  SBX  may  well  offer  this 
advantage:  ita  improved  performance  in  a  direct  hit 
may  more  than  compensate  for  ita  lack  of  near-miss 
eflectivencu  (for  SBX  is  practically  without  effect 
in  the  open). 

A  compromise  filling  for  small  (600-  or  1,000-lb) 
GP  bombs  is  suggested  by  the  applicability  of  equa¬ 
tion  (11)  which  has  been  experimentally  verified :  a 
conventional  high  explosive  having  an  increased  alu¬ 
minum  content  (such  as  TNT/A1,  60/40,  or  even 
40/60)  should  be  markedly  superior  to  tritonal  in 
enclosed  rooms  and  not  much  less  effective  in  the  open. 
Thus  the  same  bomb  might  be  practically  as  good  for 
cratering,  earth  shock,  etc.,  and  very  much  better  for 
demolition  by  a  direct  hit.  Mixtures  such  as  TNT/AJ, 
60/40,  have  been  tested  in  bombs  in  the  open**  and 
were  found  to  give  blast  impulses  about  equal  to  those 
from  tritonal.  The  total  blast  impulse  from  TNT/A1, 
60/40,  should  be  about  20  per  cent  greater  than  that 
from  an  equal  volume  of  tritonal,  both  being  measured 
in  enclosed  rooms.  The  corresponding  increase  for 
TNT/A1,  40/60,  would  be  about  50  per  cent 

An  additional  advantage  to  the  SBX  typo  of  filling 
lies  in  its  presumably  greater  incendiary  effect  Flame 
temperatures  remain  very  high  for  longer  periods 
from  SBX  than  from  conventional  HE. 

14-7  The  Variation  of  Peak  Pressure 
and  Positive  Impulse  with  Distance 
Theobt  Charge 

In  the  study  of  explosions  and  the  shock  waves 
resulting  from  them,  one  of  the  most  important  and. 
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at  the  same  time,  one  of  the  moat  difficult  problems 
eras  to  obtain  the  lain  that  govern  the  propagation  of 
tiie  shock  waves  through  the  air.  The  need  for  a  theo¬ 
retical  solution  to  this  problem  was  acute,  both  be¬ 
cause  no  fundamental  understanding  of  explosion 
phenomena  was  possible  without  it,  and  because  the 
experimental  difficulties  in  measuring  the  pressure  in 
a  shock  wave  dose  to  a  charge  were  great,  and  the 
experiments  liable  to  serious  error.  On  the  other  hand, 
the  theoretical  difficulties  were  also  great  and,  at  best, 
simplifying  sraumptions  had  to  be  made. 

By  applying  the  equations  of  hydrodynamics,  with 
additions!  simplifying  assumptions,  an  approximate 
solution  was  obtained1**-1’*  for  the  propagation  of 
blast  waves  In  air.  The  straightforward  numerical 
integration  of  the  equations  of  hydrodynamics  it  ex¬ 
ceedingly  laborious  and  was,  therefore,  applied  only 
to  a  limited  extent*’11”  In  all  these  procedures,  the 
problem  was  simplified  by  assumptions  and  the  exact 
Hugomot  curve  for  air  was  not  used.  As  a  result  of 
the  limitations  imposed  by  the  approximations,  an  ac¬ 
curate  numerical  solution  for  the  propagation  equa¬ 
tions,  from  the  surface  of  the  charge  outward  to  any 
desired  distance  from  it,  could  not  be  obtained. 
Asymptotic  solutions  were  obtained  for  the  propaga- ' 
tion  at  low  pressures,  where  the  assumption  could  be 
made  that  the  entropy  change  across  the  shock  front 
could  be  neglected.  Other  assumptions  led  to  solutions 
valid  for  regions  dose  to  the  charge. 

Mere  recently,  a  new  theory  waa  devised*’*  *'*  which 
involves  an  assumption  concerning  the  shape  of  the 
energy-time  curve,  which  amounts  to  assuming  that 
the  pressure-time  curve  for  the  blast  wave  at  large  dis¬ 
tances  is  linear  (during  the  positive  phase).  The 
theory  allows  use  of  the  exact  Hugoniot  curve  for 
air**’  and  makes  it  possible  to  compute  the  peak  pres¬ 
sure,  positive  impulse,  and  energy  of  the  shock  wave 
aa  a  function  of  distance  from  the  charge,  over  any 
desired  range  of  distance. 

In  its  first  form,  tho  theory  required  two  experi¬ 
mentally  measured  quantities,  such  as  the  pressures 
at  two  distances,  the  pressure  and  impulse  st  one  dis¬ 
tance,  etc.,  in  order  to  evaluate  two  constants  of  inte¬ 
gration  of  the  theory.  Later,  the  necessity  o'  using 
experimental  values  waa  eliminated*'*  by  considering 
the  thermodynamic  properties  of  the  explosive  and  of 
tho  detonation  products.  Two  alternative  assumptions 
concerning  tho  detonation  stato  were  presented.  In 
one,  the  “instantaneous”  detonation  state,  the  explo¬ 
sive  waa  imagined  to  be  converted  into  its  products  at 
high  temperature  and  pressure,  contained  in  its  orig¬ 


inal  volume.  In  the  second,  the  Cbaproan-Jougus* 
conditions  were  assumed  to  apply.  Of  the  two  hypo¬ 
thetical  states,  experimental  evidence  favors  the  Chap¬ 
man -Jouguet  detonation  stats. 

Expebivusntjll  Results  —  Fnax-An 
P&xssubss  axD  Iimnsm 

The  theoretical  work  applies  only  to  the  detonation 
of  a  charge  in  free  air,  Le.,  with  charge  tnd  gauges 
well  removed  from  reflecting  surfaces  such  as  the 
ground.  Unfortunately,  relatively  few  studies  of  the 
variation  of  peak  pressure  with  distance  in  free  air 
have  been  made.  Moreover,  until  quite  recently,  the 
effects  of  the  flow  of  air  past  the  gauge  on  the  recorded, 
pressure  were  not  recognized,  so  that  the  absolute  val¬ 
ues  of  pressure  from  much  of  the  earlier  experimental 
work  are  in  doubt,  particularly  at  higher  pressures. 

Recent  experimental  determinations  of  peak  prea- 


Fiouinc  19.  Logarithmic  plot  of  froe  air  preaaun  versus 
diatanos  curve  for  cut  TNT. 
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mu  as  functions  of  distance  from,  the  charge  in  free 
air  are  those  of  HEEL,*’4*-**  Princeton  University 
Station,**4  ARD,,U  and  SOQ.*‘  The  charges  used  by 
UERL  were  cylindrical  cast  TNT  (3.5  to  41.7  lb), 
those  by  AND  were  cylindrical  cast  Composition  B 
(67  lb),  those  by  SOG  were  cylindrical  cast  TNT 
(11  lb),  and  those  by  Princeton  University  Station 
were  rectangular  blocks  of  pressed  TNT  (0.5  lb).  The 
agreement  among  UERL,  ARD,  and  SOG  results  is 
excellent  (after  taking  into  account  the  differences 
due  to  the  use  of  Composition  B  by  ARD).  Moreover, 
these  results  fit  the  theoretical  curve1*'  within  experi¬ 
mental  error.  The  curve  obtained  by  Princeton  Uni* 
versity  Station,  however,  is  different  from  the  others, 
being  steeper  and  crossing  the  theoretical  curve.  There 
is  good  reason  to  believe  that  the  Princeton  University 
Station  curve  ia  not  in  error,  but  that  a  real  difference 
exists  because  of  the  shape  of  the  charges.  Since  the 
cylindrical  charge  shape  is  more  symmetrical,  and 
less  likely  to  give  special  results,  it  is  not  surprising 
that  experiments  using  them  are  in  better  agreement 
with  theory.  Figure  19  is  a  logarithmic  plot  of  the 
free-air  pressure  versue  distance  curve  for  cast  TNT, 
with  the  scale  of  distances  normalized  by  dividing  by 
the  cube  root  of  the  charge-weight 
Available  data  on  the  dependence  of  positive  im¬ 
pulse  on  distance  in  free  air  ere  even  fewer  than  for 
peak  pressures.  Only  the  data  of  UERL‘,-M  and 
SOG'*  are  available  for  thia  purpose.  The  data  from 
UERL  are  internally  consistent  and  lie  6  per  cent 
below  the  theoretical  curve,  on  the  average.  Tho  SOG 


Fiacan  20.  Logarithmio  plot  of  positive  impulse  versus 
distance  in  free  sir  for  cast  TNT  charges. 


data  lie,  on  the  average,  14  per  cent  above  the  theo¬ 
retical  curve.  Thus,  it  ia  again  true  that  the  theory 
is  in  agreement  with  experimental  determinations  of 
positive  iir  nlses,  within  the  uncertainty  of  the  latter. 
Figuie  20  ia  a  plot  of  the  poeitivo  impulse  versus  dia- 
tauco  in  free  air  for  cast  TNT  charges,  with  both 
quantities  divided  by  the  cube  root  of  the  weight  of 
the  charge. 
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Fiquri  23,  Preesuie-dlatanoe  curve  (experimental  and  theoretical)  (or  (round-bunt  blut  of  bare  chargee. 
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Tha  theory  predict*  *  wry  interesting  behavior  of 
the  positive  impulse  at  smell  distances  from  the 
charge:  as  the  distance  from  the  charge  is  increased, 
beginning  at  its  surface,  the  positive  impulses  first 
rise  and  reach  a  maximum,  then  decrease.  Figure  SI 
is  a  plot  of  the  theoretical  positive  impulse  Tarsus  die* 
tanoe  curve  for  spherical  charges  of  cast  TUT  on  a 


up 

Biiiii 


at  the  greater  distances  on  both  piecoelectrie  gauge 
measurements  end  velocity  measurements.  The  smooth, 
curve  of  Figure  tk  represents  these  date;  no  eoapar* 
ison  with  theory  is  available,  since  the  new  theory*** 
has  not  been  applied,  numerically,  to  pentolita.  On  the 
same  graph,  however,  the  theoretical  pressure-distance 
curve  for  cut  TNT  is  plotted  for  comps  neon. 
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Fionas  24.  Experimental  paeitlve  Impulses  versus  distance  curves  (on  ground)  from  various  1 


smaller  scale  than  that  of  Figure  20  end  with  a  greater 
range  of  distance.  The  existence  of  the  maximum, 
which  occurs  at  about  1  ft  from  a  charge  weighing 
1  lb,  has  never  been  confirmed  by  experiment,  since 
pressures  at  this  distance  are  in  excess  of  1,000  psi. 

Measurements  of  peak  pressure,  very  close  to  the 
charge,1”  at  intermediate  distances,1"  and  in  the 
range"  covered  by  Figure  19,  using  in  all  eases  spher¬ 
ical  charges  of  pcntolitc,  centrally  initiated,  have  been 
made.  Those  close  to  tho  charge  arc  based  on  shock- 
velocity  measurements  (see  Section  2.3.3)  and  those 


Expeiuuemtai.  Results  —  Gbouhd-Lsvzl 

P&esSU&ES  AMO  IUPULBEfl 

As  described  in  Section  2.4.5,  a  charge  detonating 
on  tho  ground  produces  a  ?  last  wave  having  the  pres¬ 
sures  and  impulses  that  a  charge  of  twice  the  weight 
would  give  in  free  air,  providing  there  were  no  crater, 
and  providing  the  ground  were  a  perfect  reflector  of 
the  shock  wave.  In  practice,  of  course,  crater*  are 
formed,  and  the  ground  absorbs  energy  from  the 
shock  wave  u  it  proceeds.  Moreover,  differences  in 
soil  can  cause  different  degrees  of  energy  absorption. 
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Ju  .1  rattier  more  scatter  in  result*  can  be 

ex  is  fo<ind  when  he  charges  are  resting 

rr-  <  d  than  when  they  are  detonated  in  free 
result  of  such  uncertain^,  the  free-air 
ova  serve  only  as  a  theoretic  .  upper  limit  to 
at  intensity  fee  ground-burst  charges. 

experimental  measurements  of  ground-burst  blast 
pressures  and  impulses  am  available  from  several 
sources.  In  order  to  obtain  a  representative  sample  of 
these  measurements,  some  results  from  British  Labo¬ 
ratories  (URL  and  AUD),  U1RL,  Princeton  TJniver- 
aity  Station,  and  BRL  have  been  compiled,  averaged, 
and  plotted  in  Figures  23  and  24.  A  large  range  of 
roil  conditions,  climate,  charge  sizes,  and  a  narrow 
range  of  gauge  heights  are  involved.  All  BRL  meas¬ 
urements  were  made  with  the  bomb  supported  a  short 
distance  off  the  ground,  and  a  correction  for  this  was 
necessary.  For  measurements  where  bombs  or  other 
cased  charges  were  used,  the  results  hare  been  ad¬ 
justed  so  that  all  plotted  values  refer  to  bare  charges. 
Differences  in  explosives  w-re  also  taken  into  account 
by  uso  of  the  data  of  Section  2.4.2. 

In.  Figure  23,  the  highest  curve  (pressure  versus 
distance)  is  that  from  BRL  results'01  on  bombs  of 
all  sizes,  charge- weight  ratios,  etc.,  adjusted  by  use 
of  a  function  such  as  that  of  Figure  5  for  the  effect 
of  the  bomb  case.  The  next  higher  curve  is  that  from 
bare  charges  of  Composition  B,  varying  from  8  to 
660  lb  but  mostly  about  67  lb.'1*-"*-'”-*”  Data 
from  RRL  aud  ARD  were  averaged  for  this  curve. 
Tho  effect  of  tho  difference  in  blast  between  TNT 
and  Composition  B  was  taken  into  account.  The  curve 
for  10-lb  bare  chaigea  of  TNT,  determined  both  by 
means  of  piezoelectric  gauges  and  the  shock-wave , 
velocity  technique’1''  is  almost  indistinguishable  from 
the  British  bare-chargo  results.  The  theoretically  pre¬ 
dicted  curve  ia  also  plotted.  This  curve  was  obtained 
by  taking  the  frec-nir  pre6surea  for  a  doubled  charge- 
weight  and  should  represent  an  upper  limit,  since  the 
ground  ia  not  a  perfectly  rigid  reflector.  Although  the 
evidence  from  the  difference  between  the  curves  from 
large  charges  and  small  is  by  no  means  convincing 
that  the  principle  of  similitude  does  not  hold  oxactly, 
the  direction  in  which  deviations  from  exact  scaling 
occur  is  the  one  which  fits  the  reasoning  of  Sec¬ 
tion  2.4.3. 

In  figure  24  (positive  impulses  versus  distance) 
the  curve  on  which  Weapon  Data  Sheet  3A2*”  of 
Chapter  19  is  based  is  considered  the  most  generally 
applicable  one  for  moderately  large  charges.  This 
curvo  was  obtaiued  principally  from  many  British 


measurements  of  the  blast  from  bomba  of  all  eizug 
the  effects  of  the  care  being  taken  into  account.  Tin 
next  lower  curve  ia  that  from  a  large  number  of 
British  measurements  of  the  blast  from  bare  charges 
of  Composition  B.’1*-I01J,,-U1  The  curve  from 
UERL  measurements  of  the  blast  from  10- lh  chargee  ■ 

of  TNTm  ia  very  close  to  the  Britiah  bare-charge  j 
curve.  The  BRL  results10*  from  bombs  and  large  bare 
charges  are  somewhat  higher  than  those  represented  j 
by  Weapon  Data  Sheet  3A2*.  The  Princeton  measure-  j 
menta  In  which  V4-lb  rectangular  blocks  of  TNT  were  j 
used'11  ere  very  dose  to  the  British  and  UERL  bare- 
charge  results,  but  the  latter  curves  are  not  ao  steep. 
Effects  that  are  due  to  the  apedal  charge  shape  may 
be  involved.  A  theoretical  curve,  based  on  the  frao-air 
curve  from  theory  but  using  doubled  charge-weight, 
is  also  given.  A  striking  difference  between  this  curve 
and  the  experiment,  d  ones  is  that  the  latter  are 
straight  lines,  whereas  the  theoretical  curve  is  concave 
downward.  Presumably,  the  special  reflection  and  ab¬ 
sorption  effects  of  the  ground  are  responsible  for  this 
difference.  In  Figure  24,  as  in  Figure  23,  the  curve* 
seem  to  be  progressivdy  higher,  the  larger  the  weight 
of  charge. 

An  interesting  feature  of  these  curves  ia  the  love; 
rate  of  decay  with  diatauco  of  both  preenure  and  im¬ 
pulse  for  bare  charges  as  compared  with  bombs  and 
the  greater  rate  of  decay  for  ground-burst  charges 
than  for  free-air  charges  (compare  Figures  19  and 
20).  For  comparison,  the  curves  obtained  by  using  the 
free-air  results  for  charges  of  doubled  wejght  (to  take 
into  account  ground  reflection)  aro  also  plotted  in 
Figures  23  and  24.  j 

144  The  Air  Blast  from  line  Charges; 

Thbort  Mine  Field  Clearance 

The  basic  principles  of  the  theory’**  of  propagation 
of  shock  waves  from  explosive  sources  in  air  and 
water  have  been  applied  to  a  line  charge,  i.e.,  to  a 
charge  one  of  whose  dimensions  is  much  greater  than 
the  other  two,  This  theory’*'  takes  into  account  the 
finite  detonation  velocity  of  the  explosive  and  is  ap¬ 
plicable  to  an  infinitely  long  cylindrical  stick,  initi¬ 
ated  at  one  end.  By  assuming  the  detonation  veloc¬ 
ity  infinitely,  great,  a  simplified  set  cf  equations  ia 
obtained  which  ia  applicable  at  rather  large  distance* 
from  the  charge.  The  theoretically  predicted  pressure 
and  impulse  versus  distance  curves  for  an  infinitely 
loug  cylindrical  charge  of  cast  TNT  detonated  in  free 
sir  are  given  in  Figures  26  and  26.  The  scales  of  ira- 
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Fiacrj  25.  Theoretical  dependence  of  peek  prtraun  oa 
distance  from  line  charge  o I  cast  TNT. 


pulse  and  distance  are  normalized  by  dividing  each 
by  -VW,  where  IF  ia  the  charge-weight  per  foot;  the 
square  root  rather  than  the  cubo  root  ia  the  scaling 
factor  for  line  charges. 

The  general  shapes  of  the  pressure  uid  impulse 
versus  distance  curves  for  line  charges  are  very  sim¬ 
ilar  to  those  for  point  charges  (compare  Figures  21, 
22).  The  principal  difference  is  that,  for  line  charges, 
the  rate  of  decrease  of  peak  pressure  and  positive  im¬ 


pulse  with  distance  is  lees  than  for  point  charges. 
There  is  a  predicted  maximum  in  the  positive  Impulse 
versos  distance  carve  for  line  charges,  sc  well  as  toe 
point  charges.  The  existence  of  this  maximum  has  not 
been  demonstrated  experimentally  for,  aa  Is  the  case 
with  point  charges,  measurements  ot  positive  impulse 
so  close  to  the  charge  are  very  difficult.  In  both  cuse% 
the  maximum  is  predicted  to  occur  at  a  distance  from 
the  charge  where  the  peak  pressure  ia  of  the  order  ef 
1,000  psi.  The  possible  existence  of  this  maximum 
may  have  a  great  practical  importance  in  clearing 
mine  fields  by  um  of  explosives.  (See  part  2  below.) 

Clsasakck  or  Hrtrz  Fmna  »x  Exnoaim 

Land  mines  constitute  one  of  the  mast  effective  de¬ 
fensive  weapons;  their  use  in  very  large  numbers 
often  practically  immobilised  the  mechanised  units  of 
advancing  armies  and  exacted  a  large  toll  of  killed 
and  injured  troopa  aud  crippled  vehicles.  One  ot  the 
most  acute  problems  in  ordnance  was  the  development 
of  means  of  detecting,  removing,  and  exploding  land 
mines  sown  by  the  enemy.  To  do  this,  many  devices 
were  employed,  none  with  complete  success.  Among 
other  methods  of  mine  field  clearance,  an  impor¬ 
tant  one  used  explosives;  the  blast  from  explosive 
charges  was  capable  of  causing  the  fuzes  of  some 
types  of  mines  to  function.  For  physical  properties 
of  line  charges,  ace  Weapon  Data  Sheet  lA7b  of 
Chapter  J9.m 

Two  general  types  of  mines  were  used.  (1)  Anti¬ 
tank  mines  vrere  so  devised  that  ihe  pressure  of  a 


Fionas;  SO.  Theoretical  dependence  of  poeitivc  iinpulae  on  diiUnoe  from  Uno  charge  of  east  TNT. 
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heavy  vehicle  such  as  a  tank  would  explode  the  mine, 
bat  the  weight  of  a  man  to  insufficient.  (2)  Anti* 
personnel  mines  were  fitted  with  trip  wires,  trigger?, 
etc.,  which  Would  cause  the  fuze  to  function  even  if 
they  were  only  slightly  disturbed.  Both  types  of  mines 
were  usually  used  in  the  same  field;  the  antitank 
mines  made  the  passage  through  the  field  hazardous 
for  armored  vehicles,  and  the  antipersonnel  mine*  were 
equally  hazardous  for  the  sappers  who  entered  the  field 
in  advance  of  tanks  to  detect  and  dearm  the  mines. 

Jn  addition,  the  field  waa  usually  under  enemy  fire. 

Explosives  in  the  form  of  bombs,  and  other  special 
point  chargee,  line  charges,  and  “plane”  charges  were 
used  or  tested.  Aerial  bombing  of  mine,  fields,  using 
navy  depth  bombs  and  500-lb  QP  bombs,  was  tested,*** 
and  static  trials  of  bombs  suspended  at  various  heights 
above  a  mine  field  to  simulate  air-burst  bombs  were 
carried  out.  Alternate  explosive  filliogs  (TNT  and 
tritonol)  were  evaluated  for  miue  field  clearance.”* 

It  was  found  that  air-burst  bombs  cleared  mines 
to  a  greater  distance  than  did  ground-burst  bombs, 
and  that  bombs  filled  with  tritonol  were  more  effec¬ 
tive  than  those  filled  with  TNT.  (Similar  tests,  using 
rocket  heads  filled  TNT  and  torpex-2**1  showed  that 
torpex  was  markedly  superior  to  TNT.)  On  the  whole, 
however,  aerial  bombing  of  mine  fields  was  considered 
on  ineffective  method,  largely  owing  to  the  scatter  in 
the  points  of  burst,  which  necessitated  a  very  heavy 
bombing  to  insure  that  a  continuous  path  would  be 
cleared.  Even  under  the  conditions  of  tae  test,  when 
the  target  mine  field  waa  well  marked,  many  tombs 
missed  it  entirely. 

For  use  in  clearance  of  mine  fields,  line  charges  of 
several  types  were  developed  by  the  U.  8.  Army  Engi¬ 
neer  Board,  at  Fort  Pierce,  Florida,  and  the  A.  P. 
Hill  Military  Reservation,  Virginia.  Antipersonnel 
mine-clearing  devices  were  line  charges  of  low  veight 
of  explosive  per  foot,  intended  to  be  launched  by  a 
variety  of  means  over  a  mine  field,  and  detonated. , 
Some  of  these  devicee  were:  (1)  detonating  cord  cable 
kit.  Ml,1**  consisting  of  a  coil  of  flexible  explosive 
“rope”  composed  of  13  (said  later  19)  strands  of 
Primacord  detonating  fuze;  (2)  infantry  snake,  mine- 
clearing  antipersonnel  Ml,***  consisting  of  an  assem¬ 
bly  of  corrugated  magnesium-alloy  channels  bolted 
together  and  filled  with  two  rows  of  paper-wTopped 
explosive  charges;  and  (3)  a  flexible  hose,*,,,*,',°* 
(the  infautry  hose),  1  in.  in  diameter,  which  could  be 
laid  across  the  mine  field  and  filled,  in  stfu,  with  a 
liquid  explosive.  The  detonating  cord  was  launched 
through  the  air  by  means  of  a  rocket;  the  infantry 


snake  skidded  along  the  ground,  propelled  by  a  rocket 
mounted  in  it*  nose;  and  the  flexible  hose  waa  to  be 
paid  oat  by  •  rapidly  rolling  wheel  or  by  e  rocket 
launched  from  an  armored  vehicle  toward  the  mine 
field. 

For  clearance  of  antitank  mines,  much  heavier  tt- 
plosive  chargee  mast  be  used  than  for  antipersonnel 
mines,  both  because  of  the  relative  insensitivity  of  ib* 
former  to  blast,  and  because  a  wide  lane  Is  required 
for  large  vehicles.  Some  of  the  liiiv  charges  develops! 
for  clearing  antitank  mines  were :  (1 )  snake,  M2Ax,m 
and  M3*6*  consisting  of  overlapping  corrugated  steel 
or  aluminum  plates  belted  together  to  form  two 
parallel  troughs  in  which  special  cartridges  of  explo¬ 
sive  were  placed;  (2)  a  flexible  hose**’  (the  dragon 
or  tauk  hose)  similar  to  the  infantry  hose  but  of  3-in. 
diameter;  and  (3)  tho  projected  line  charge  (FLC] 
consisting  of  a  cloth  tubo  containing  plastic  explosive 
(Composition  C3)  provided  with  an  axial  nylon  rope 
and  constricted  at  short  intervals  by  tying  with  twine. 
The  snakes  were  assembled  in  the  rear  and  then  towed 
to  the  edge  of  the  mine  field,  whence  they  were  pushed 
by  a  tank  into  the  field,  and  then  detonated.  The  tank 
hose  was  to  be  launched  by  projection  from  a  rocket 
tube  mounted  on  a  tank.  The  PLC  waa  to  be  tied  to  a 
rocket  (tho  coiled  charge  and  rocket  being  towed  by  a 
tank  to  the  edge  of  the  mine  field)  and  launched 
through  tho  air. 

For  clearance  of  S  mines,  which  were  very  blast  re¬ 
sistant,  a  plane  charge,  consisting  of  a  mat  of  woven 
Primacord,  was  developed.”,,”'*#*  This  charge  (the 
carpet-roll  torpedo)  was  to  be  launched  by  rockets 
propelling  the  roll  across  the  mine  field  and  unrolling 
as  it  went 

All  of  the  weapons  described  were  capable  of  clear¬ 
ing  mines,  but  each  had  its  disadvantage*.  The  chief 
difficulty  was  that  a  charge  that  was  capable  of  clear¬ 
ing  an  adequate  path  was  heavy  and  cumbersome,  and 
in  the  process  of  laying  the  charge,  personnel  were 
exposed  to  enemy  fire.  Detonation  of  a  larga  charge 
near  a  tank  endangers  the  tank  and  occupants.  How- 
over,  the  blast  effect  inside  tho  tank  is  not  normally 
hazardous  to  perse  nnel.*** 

In  order  to  test  mine  field  clearing  devices,  minea 
simulating  certain  enemy  types  in  all  possible  respecte 
were  developed  and  produced  in  quantity.  These 
dummy  mines  were  filled  with  inert  material,  and  the 
fuze  was  so  arranged  that  it  could  bo  determined,  after 
the  test,  whether  or  not  an  actual  mine  fuze  would 
have  lunctioncd.  The  universal  indicator  mine*®***1* 
was  developed  by  tbs  Gulf  Research  and  Dcvelop- 
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rntoi  Company,  Division  17,  NDBC,  to  serve,  u  He 
nm  implies,  u  *  mine  that  could  be  celibreted 
rniMt  any  type  of  actual  min*.  The  results  of  teste 
ming  the  universal  indicator  mine  could  be  used  to 
predict  the  clearance  of  most  types  of  mines  with 
which  it  had  been  compared.  Mine  fields  consisting  of 
these  and  other  indicator  mines  were  laid  out  in  the 
way  best  calculated  to  yield  results  of  statistical  valid¬ 
ity,  and  the  explosive  charge  heir  3  tested  was  deto¬ 
nated  among  them.  The  mines  were  then  uncovered 
and  their  fuses  examined. 

Experimental  data  on  the  clearance  of  many  types 
of  mines  by  various  types  of  explosive  charges  are  con¬ 
tained  in  the  reports  of  the  U.  3.  Army  Engineer 
Board  ;»»*.»**•’•*•***  these  data  have  been  analysed 
statistically  and  reported  by  the  Statistical  Research 
Group,  Princeton  University.*11  It  is  clear  from  these 
data  that  typo  of  soil,  time  since  burial,  depth  of 
burial,  and  moisture  in  the  soil  are  all  important  fac¬ 
tors  in  determining  the  distance  from  the  charge  at 
which  a  miuo  may  be  detonated  by  blast. 


Tiovui  27.  Peak  pressure  versus  distance  for  various 
Um  chirp*. 


Although  it  was  known  from  experiment  that  tbs 
blast  from  lino  cliarges  was  capable  of  detonating 
mines,  there  was  at  first  no  way  other  than  trial  and 
error  to  predict  the  performance  of  new  types  of 
charges,  or  of  old  types  with  new  explosive  fillings. 
Two  things  wero  needed :  first,  an  applicable  theory  of 
tho  functioning  of  mines,  relating  tire  physical  prop¬ 
erties  of  tho  fuzes  to  the  parameters  describing  tho  in¬ 
tensity  of  the  blast,  and  second,  measurements  of  the 
peak  pressure  and  positive  impulse  in  the  blast  from 
various  line  charges. 


A  simple  theory  of  the  response  of  simulated  TeUer*> 
mine  43  [TMi-43]  to  blast  was  developed  ;m  this  was 
later  applied  to  the  response  of  the  universal  indicator 
mine.*lMU  These  theories  require  a  knowledge  of 
the  pressure-distance  and  impulse-distance  curves  for 
each  explosive  charge  to  which  the  theory  is  to  be  ap¬ 
plied. 


Flaunt  28.  Positive  impulse  versus  distance  for  various 
lias  charts*. 


In  Great  Britain  investigations  of  the  functioning 
of  German  mines  and  simulated  minea,  theoretical 
studies  of  their  response  to  blast  loading,*11  develop¬ 
ment  of  line  charges,  and  measurement  of  the  blast 
intensities  from  line  cha^gc8m■*,,  have  been  carried 
out 

If  mines  are  more  deeply  buried  than  2  in.  be¬ 
low  the  surface  of  the  ground,  it  is  found  that,  in  a 
narrow  belt  just  beyond  the  crater  from  the  explosive 
charge,  a  large  fraction  of  the  mines  are  uot  detonated, 
and,  indeed,  many  minea  are  rendered  more  sensitivo 
and,  therefore,  hazardous.  Beyond  this  region  it  is 
found  that  essentially  all  mines  are  cleared  for  a  cer¬ 
tain  distance;  at  still  greater  distances,  the  fraction 
of  mines  detonated  falls  off  rapidly.  This  phenomenon 
(of  low  expectation  of  detonation  near  the  crater) 
is  culled  the  “skip  effect”  or  "probability  dip.”  It  con¬ 
stitutes  a  serious  disadvantage  of  the  explosive  method 
of  clearing  mine  fields,  since  it  is  precisely  in  and  ad¬ 
jacent  to  the  crater  that  tanks  must  travel.  Many  hy¬ 
potheses  have  been  advanced  to  account  for  the  skip 
effect,  but  none  has  been  verified  by  experiment  It 
may  be  that  the  existence  of  s  maximum  in  the  im¬ 
pulse  versus  distance  curve  (Figure  26)  is  somehow 
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DISTANCE  d/W^W  FT  /LBS 
Fiona*  30,  PoeiUv*  Impulse*  versus  dktano*  foe  lln*  chexg**. 


per  foot.  Ft  (lb  per  ft)  A  are  indicated  for  each 
charge.  In  Table  5  the  data  on  the  physical  properties 
of  the  Urn:  charges  used  are  listed. 

British  measurements*1*-*1*  have  shown  that,  over 
w  ijr at  part  of  the  length  of  the  line  charge,  tho  pres¬ 
sures  ond  impulses  measured  along  lines  perpendicular 


Tanui  5.  Dlmtnrioaa  and  weight*  of  line  chars**.* 


Cbtrt*  Eiplclr* 

Witip,  Cu*wt 

J*r  look  L*ukb  Cw  par  foot 

(lb/10  (IQ  BuUtUl  Jh/tk) 

Detonating  PETNt 
cord 

0.078 

30 

Fabric  0.032 

Infantry  TNT/NQ  08|/1| 

snake 

Infantry 

boat 

0.04 

100 

M*gn**lum 
alloy  0.(4 

(1-in.  hose)  EL389B* 

Tank  Hos*  , 

0.47 

80 

Impregnated 
Fibulas  0.040 

(3-ia.  hone)  EL389BI 

4.8 

184 

Impregnated 
Fibcrg)f£  0.18 

M3  aoako  Amatol  80/20 

14.4 

320 

Aluminum  0*4 

*Tb«  lanitU  o (  eht?(«,  w«l<hte,  «U.,  *n  kho»*  ttMC  la  Uaik  nuiurt* 
nui  VmU.,m  la  Mtuil  waapoaa,  oth*r  lufthi  may  b*  wad.  U  mil 
u  lawt  MoUau  which  da  aok  coaUtbuU  to  the  blot. 


tThlrtaca  alruda  ol  Piitucord  dctacatla*  liua  caauJud  la  a  vav*a, 
UcprcinaUd  outer  JuVtk.  PcaloUu  10/40  la  uora  commcaly  vaad  u  aa 
aiplotlra  fillla*  tea  Uba  dclaeallat  cord. 

tEUOOK  baa  tba  mopoaiUoa:  elUotbearU'  (NO)  604%,  DNT  a0 
37.6%,  TNT  ll.t%,  atabUliar  0,6%. 


to  the  charge  ore  independent  of  the  position  along 
the  charge.  Near  the  ends  of  the  charge,  however,  thie 
is  not  true.  . 

The  application  of  the  square  root  scaling  principle 
to  the  1-  and  S-fo.  liquid-filled  hose  wu  found  to  be 
roughly  applicable.  Since  the  charges  were  not  infi¬ 
nitely  long,  it  wu  necessary  also  to  scale  the  lengths 
of  the  charges  in  tho  same  way,  i.e.,  to  keop  Z./F* 
fixed.  That  the  blast  pressures  and  impulses  from 
charges  of  all  types  do  not  fall  on  the  same  curvet 
when  the  impulses  and  distances  ore  reduced  by  the 
square  root  of  the  charge-weight  per  foot  (see  Figures 
29,  30)  is  due  to  a  combination  of  tho  effects  of  differ¬ 
ent  values  of  L/Wx,  different  charge-weight  ratios, 
different  explosive  fillings,  and  different  croaa-aectlonal 
shapes  of  charge.  Experiments  show  that,  for  pressures 
measured  opposite  the  centor  of  the  charge,  L/ F*  is 
essentially  “infinite”  if  it  is  greater  than  about  80 
ft«/U>». 

A  remarkable  feature  of  the  impulso  versus  distance 
curves  is  the  inflection  in  slope.  There  is  a  range  of 
distance  from  the  charge  over  which  the  impulse 
changes  very  little;  this  is  predicted  by  the  theory.**1 
No  quantitative  comparison  with  the  theoretical  pre¬ 
diction  can  be  made  because  of  unknovm  effects  of  tha 
differences  in  filling,  esse,  and  shape,  and  because  the 
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theory  applies  to  detonation  in  free  air,  whereas  ail 
of  the  line  charges  were  fired  on  the  ground*  An  ap¬ 
proximate  estimate  of  the  ground-level  values  for 
TNT  from  the  theoretical  results  for  free  air  can  be 
obtained  b y  computing  the  pressures  and  impulses 
from  twice  the  weight  of  charge. 

There  are  several  methods  bj  which  the  effective¬ 
ness  of  the  line-charge  weapons  can  be  increased.  Al¬ 
most  any  explosive  gives  greater  blsst  than  amatol 
80/20.  For  example,  aluminized  explosives  might  in¬ 
crease  the  width  of  cleared  path  by  about  80  per  cent 
or  possibly  more.  The  skip  effect  might  also  b«  re¬ 
duced  with  superior  explosives.  The  case-weight 
should  obviously  be  held  to  a  minimum;  the  M2A1 
snake,  made  with  steel  plates,  is  less  effective  than  ia 
the  M3  snake,  which  is  mado  with  aluminum;  the 
latter  has  a  total  weight  3,000  lb  less.  Utilizing  air 
burst,  if  it  were  feasible,  would  also  increase  the  effec¬ 
tiveness  of  line  charges,  as  has  been  shown  by  experi- 
meat.'** 

The  theory'"'*’*  can  be  applied  to  predict  the 
clearance  of  certain  mines  calibrated  against  the  uni¬ 
versal  indicator  mine,  aa  well  as  to  the  TMi-43  indi¬ 
cator  inino.  In  Tablo  6  a  fow  predictions  so  calculated 
are  compared  with  experimental  results.  Although  the 
theory  gives  good  agreement  with  experiment  for  point 
charges,  it  predicts  too  wide  a  cleared  path  for  line 
charges ;  the  fault  may  lie  with  one  of  the  simplifies* 
tioua  of  the  theory,  namely,  that  tho  pressure-time 
curvo  can  be  considered  linear.  Experiment"*  ahowe 
that,  in  tho  region  of  interest,  the  pressure-time  curve? 
ere  raoro  nearly  exponential  than  linear, 

Tho  use  of  line  charges,  such  as  soctiona  of  M3 
snakes,  has  been  proposed  as  a  demolition  device  to  be 
used  aguiust  defended  towns:  it  waa  suggested  that 
charges  could  be  pushed  into  streets  by  tanks  and  de¬ 
tonated  after  withdrawing  the  tanks.  Computations 
of  tho  expected  areas  of  damage  from  these  dovicca 
using  the  impulse  criterion  for  blast  damage  indicate 
that  tho  lino  charge,  ao  used,  would  have  a  higher 
MAE  per  ton,  than  would  ordinary  bombs  using  the 
same  filling.  This,  however,  is  not  ordinarily  an  eco¬ 
nomical  method  of  delivering  explosive. 

14  #  The  EfTcct  of  Atmospheric  Pressure 

on  Peak  Pressures  and  Positive  Impulses 

Almost  all  measurements  of  blast  pressures  have 
been  made  at  elevations  not  far  above  sea  levol.  Some 
u«e  for  explosives,  however,  might  involvo  the  deto¬ 
nation  of  chargee  far  from  sea  level,  and  consequently 


Tasui  A  Comparison  of  dearanos  of  Indicator  abaa 
with  that  predicted  by  theory. 
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it  low  atmospheric  pressures.  That  both  temperature 
and  pressure  affect  the  propagation  of  blast  waves  U 
known  from  dimensional  arguments.  Expressions 
have  been  obtained  for  such  effects."1 

The  theory  of  propagation"1  of  Bhock  wave*  from 
explosive  sources  iu  air  and  water  has  been  applied  to 
the  propagation  of  blast  waves  in  regions  where  at¬ 
mospheric  pressure  and  temperature  were  different 
from  those  at  sea  leveL*"  It  waa  assumed  that  the 
energy  delivered  by  tho  explosion  to  the  atmosphere 
was  the  samo  at  ull  altitudes.  It  ia  predicted  that  both 
peak  pressure  and  positive  impulse  are  lees  the 
greater  the  altitude;  tho  changa  of  shapes  of  tho  pres¬ 
sure-distance  and  impulce-distance  curves  were  com¬ 
puted. 

The  blast  measurement  groups  of  the  SOO  at  Tulsa, 
Oklahoma,  measured  the  blast  from  charges  fired  at 
three  Novations  above  sea  level :  650,  6,600,  and  14,100 
ft,  in  order  to  determine  the  effect  of  atmospherie 
pressure  on  the  pressures  and  impulses  from  three 
kinds  of  explosives;  tritonal,  TNT,  and  Westing  gel¬ 
atin  were  used.*1  Blast  measurements  were  made  at 
four  distances  from  (ho  charge  in  free  air.  Within  tho 
experimental  error,  it  waa  found  that  the  effects  of 
changes  In  atmospheric  pressure  on  peak  preaauro  and 
positive  impuUe  aro  independent  of  distance  from  tho 
charge  and  nature  of  tho  explosive,  and  that  tho  re¬ 
sults  are  not  significantly  different  from  theoretical 
prediction. 
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The  effect*  of  the  ktmoapheric  pressure  on  the  blest, 
expressed  a*  the  average  peak  pressures  and  positive 
impulses  relative  to  those  near  sea  level  are  given  in 
Table  7.  The  theoretical  predictions  for  cast  TNT  are 
also  included  far  comparison. 

Although  experiments  showed  no  significant 
differences  in  the  effect  of  altitude  on  pressures  and 
impulses  depending  upon  the  nature  of  the  explosive 
or  gsuge-to-charge  distance,  the  theory  predicts  that 
over  a  very  wide  range  of  distance  (much  wider  than 
that  in  the  experiments)  the  effects  depend  upon  both 
the  kind  of  explosive  and  the  distance  from  the  charge. 


Tabub  7.  Effect  of  atmojpherto  pressure  on  peak 
pressure  and  positive  impulse.* 


Altitude 

C, COO  ft. 

14,100  ft. 

Averageatmoe- 
pherio  preuure 
(la.  of  moruury) 

24.43 

i 

18.04 

Average  tem¬ 
perature  (F) 

76 

38 

P./P. 

I./li 

P./P. 

I./I. 

Experimental*1 

0.93  ±.026 

0.07±.039 

0.87±.038 

0.87  ±.027 

Theoretical*** 

0.90 

0.03 

0.82 

0.87 

*Sub*«iipU  r«(«<  is  «l«v*Uoa  (10  *W«  m*  1«v«1:  1  —  630  ft,  3  -  C.COO  ft, 
14.100  ft. 


14,10  Miscellaneous  Experimental  Results 
Tub  Efsect  or  Ckauqk  Shapk  on  tub  Blast 

Most  explosive  charges  of  military  importance  are 
not  spherical  in  shape,  end  for  some  applications,  it 
is  important  to  know  tha  blast  intensities  in  all  direc- 
tiona  from  the  charge.  Unfortunately,  very  few  studies 
have  been  made  of  the  blast  pressures  in  various  di- 
rcctions  around  charges;  comparisons  of  explosives, 
for  example,  have  usually  been  based  upon  measure¬ 
ments  along  lines  perpendicular  to  the  axis  of  the 
charge,  i.e.,  approximately  in  the  piano  of  it*  equator. 

In  ono  series  of  trials,  the  ARD,M  measured  tho 
blast  in  various  directions  around  500-lb  MC  bombs 
which  were  supported  with  their  axes  horitontol  e  few 
feet  from  the  ground.  It  was  concluded  that  over  the 
range  of  measurement  (which  was  from  30  to  80  ft 
from  tho  bomb)  the  pressure  and  impulse  versus  dis¬ 
tance  curves  were  not  significantly  different  in  differ¬ 
ent  direction*. 

That  the  blast  pressures  (and  impulses)  are  not 
equal  for  ell  orientations  around  the  charges  for  some 
charge  shapes,  was  demonstrated  for  rectangular 
blocks  of  TNT,***  and  for  cylindrical  charges  of  vari¬ 
ous  explosives'**  in  which  two  proportions  of  cylindri¬ 


cal  height  to  diameter  were  used.  These  measurement* 
were  made  at  distance*  roughly  corresponding  to  thoa* 
in  the  bomb  trial*  mentioned  above  (i.e.,  after  allow¬ 
ing  for  the  difference  in  weights).  Although  the  effect* 
varied  considerably,  depending  on  the  exploaive  need, 
in  general  it  was  found  that  the  blast  pressure*  and 
impulse*  measured  opposite  the  hue  of  the  charge 
were  greater  than  those  opposite  the  “side,"  when  the 
charge  wes  a  squat  cylinder  having  a  diameter  equal  to 
twice  its  height 

Another  series  of  trials,***  using  Qcnasn  1,000-kg 
bombs  of  elliptical  cross  section,  showed  that  the  blast 
"easured  perpendicular  to  the  major  axis  of  the 
charge  was  more  intense  than  that  perpendicular  to 
the  minor  axis. 

These  blast  measurements  for  bomba  and  small 
charges  were  made  at  relatively  great  distances  from 
the  charge,  and,  in  many  cases,  asymmetries  in  the 
pressures  wero  found  *a  described  above.  Other  mea¬ 
surements***  of  flame  velocities  very  close  to  the 
charge  (from  which  pressures  could  be  computed) 
showed  a  marked  asymmetry  when  cylindrical  charges 
were  used.  Photographs  of  the  shock  wave**  clou  to 
cylindrical  bare  charges  with  fiat  ends  showed  com¬ 
plicated  wave  patterns,  which  were  interpreted  as  the 
interactions  of  tho  shock  waves  from  the  cylindrical 
and  plane  parts  of  the  charge.  Several  shocks  could  be 
observed,  particularly  off  tho  corners  and  base  of  the 
charge.  In  the  measurements  of  blast  pressures  oppo¬ 
site  the  base  of  cylindrical  charges**  the  presaure- 
tima  oscillograms  exhibited  second  snd  even  third 
shocks  closely  following  each  other  iu  the  positive 
phase,  in  addition  to  tho  initial  peaks.  It  can  be  in¬ 
ferred  that  these  extra  shocks  correspond  to  the  shock 
waves  photographed  very  close  to  the  churgo. 

Thcro  is  need  for  further  work  along  these  lines. 
The  ovolution  of  tho  shock  wave*  from  charges  of  sev¬ 
eral  shapes,  beginning  at  the  surfaco  of  the  ebargo  and 
extending  to  large  distances  from  it,  should  be  studied 
systematically. 

Tub  Blast  Meablbed  neab  tus  Bbeech  or  A 
Rocket  Launches 

Blast  pressures  were  measured*”  near  the  jets 
from  5-in.  spin-stabilized  rockets  iu  order  to  provide 
data  that  could  be  used  in  designing  tho  mountings  of 
such  launchers  on  aircraft  and  other  vehicle*.  T.t  was 
thought  that  the  air  blast  caused  by  the  jeta  might  be 
responsible  for  damage  to  exposed  aircraft  surfaces, 
for  example. 

These  measurements  were  made  at  various  distances 
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behind  the  breech,  end  ft  to  1%  in.  off  the  txia  of  the 
Unncher.  One  gauge,  placed  on  the  axil,  and  about  10 
ft  behind  the  breech,  recorded  about  0.4  pai;  the 
highest  pressure  measured  was  about  1  pal  The  pres, 
sure-time  records  consisted  of  high-frequency  (aoout 
ft.  to  10-kc)  oscillations  enduring  for  100  msec  or 
more.  These  oscillations  were  interpreted  to  be  due  to 
turbulence  surrounding  th?  Jet. 

Tax  Blast  thou  Model  Ioloo-Ttph  ExrLosmi 
Stoxaox  Maoaclku 

The  problem  of  storage  of  large  quantities  of  high 
explosives  became  very  acute  at  the  end  of  the  war. 
Exit'ing  magazine  facilities  were  inadequate,  and  con* 
atruction  of  new  magazines  would  require  greatly  in* 
creased  storage  areas,  if  the  previous  standard  inter* 
magazine  distances  were  to  be  need. 

On  behalf  of  the  Army-Navy  Explosives  Safety 
Board,  testa  of  the  effects  of  full-scale  magazine  ex- 
plosions  on  adjacent  magazines  wore  carried  out  at 
Arco,  Idaho,  in  the  autumn  of  1945.  Blast-pressure 
measurements,  as  well  aa  many  other  types  of  measure¬ 
ments,  were  made.  “Target*  magazines,  placed  at  the 
standard  spacing,  as  well  as  at  proposed  closer  dis¬ 
tance  from  tho  exploded  magazines,  were  found  to  sur¬ 
vive  the  blast.  In  order  to  study  further  the  charac¬ 
teristics  of  explosions  of  igloo-type  storage  magazines, 
one-tenth  scale  model  tests  were  carried  out  later  at 
UERL. 

Reinforced  concrete  model  igloos  were  constructed 
at  the  University  of  Illinois"*  under  contract  with 
Division  2,  NDRC,  and  were  tested  by  UERL.*  In 
one  test  the  igloos  were  arranged  in  a  manner  closely 
patterned  after  that  used  on  the  full-acalo  tests,  and 
blast-pressure  meaeurementa  were  mado.  It  was  found 
that  the  blast  pressures  measured  in  these  model  testa 
wore  in  good  agreement  with  thoso  of  the  full-scale  tests, 
using  the  cube  root  scaling  law.  However,  the  damage 
to  targot  magazines  was  more  severe  in  the  model  teats 
than  in  tho  full-tcale  tests.  Although  this  difference 
might  have  been  due  to  failures  to  conform  to  the 
model  lavra  or  to  differences  iu  the  construction  details 
of  the  model  and  full-scale  igloos,  it  ia  also  possible 
that  tho  greater  damago  in  the  model  tests  was  dua  to 
a  difference  in  the  type  of  soil,  with  corresponding  dif¬ 
ference  in  the  earth  shock  transmitted. 

The  model  testa  demonstrated  that  the  effect  of  the 
earth  cover  on  an  exploded  magazine  ia  to  reduce 
greatly  the  air  blast  from  the  explosion  of  its  contents. 

■Thow  results  have  not  yet  beeu  formally  reported.  An 
Informal  report  on  one  test  Is  In  reference  229. 


Testa  simulating  the  piling  of  explosives  in  earthen 
revetments  demonstrated  that  the  revetment  afforded 
little,  if  any,  protection  to  adjacent  igloo*  from  tb* 
blast  The  shape  of  the  pQe  of  explosives  simulating 
that  in  an  igloo  (a  long  narrow  pile),  end  also  ar¬ 
ranged  in  a  revetment  in  a  less  elongated  pile,  wu 
found  to  affect  the  distribution  of  blast  pressure 
around  the  charge.  The  pressures  measured  opposite 
the  middle  of  the  elongated  pile  were  higher  than  those 
obtained  opposite  the  aide  of  the  shorter  pile.  The 
presence  of  an  earth  cover,  in  other  testa,  also  affected 
the  asymmetry  of  the  blast ;  the  blast  from  the  uncov¬ 
ered  end  with  the  door  was  found  to  be  considerably 
more  intense  than  that  from  tho  thickly  covered  rear. 
These  observations  might  be  useful  in  so  arranging 
magazines  that  the  strongest  part  of  a  target  igloo  is 
opposite  the  part  of  its  neighbor  from  which  the  greet* 
est  blast  intensity  is  expected. 

The  probabilities  of  certain  types  of  chains  of  sym¬ 
pathetic  detonations  iu  a  magazine  field  have  been 
computed  for  various  probabilities  that  ono  magazine 
could  be  sympathetically  detonated  by  the  accidental 
explosion  of  a  neighboring  magazine."*  It  was  con- 
eluded  that,  in  a  two-dimensional  uniform  array  of 
magazines,  it  the  chance  that  a  single  transfer  will 
take  place  are  one  in  five,  say,  the  probability  thet  no 
more  than  four  magazines  will  explode  ia  not  lose  than 
0.53.  The  dying  out  of  chains  of  ayrapathetic  explo¬ 
sions  in  a  magazine  area  cannot  be  counted  upon  aa 
an  insurance  that  no  catastrophe  will  occur  if  the 
magazines  are  arranged  uniformly  in  two  dimensions. 

*•»  SOME  PROPOSALS  FOR  FUTURE  WORK 

The  foregoing  account  of  the  theory  and  experi¬ 
ments  dealing  with  air  brnst  from  explosives  clearly 
shows  that  there  is  need  for  more  work  in  this  field. 
A  few  lines  of  investigation  which  seem  necessary  to 
improve  existing  knowledge  of  shock  waves  in  air  are 
indicated  in  tho  following. 

The  applicability  of  the  cube  root  seeling  to  point 
chevgo  explosions  and  of  square  root  scaling  to  line 
chargee  should  be  thoroughly  studied,  and,  if  these 
scaling  principles  are  found  not  to  be  strictly  applic¬ 
able,  tho  causes  of  this  failure  should  be  investigated. 
This  involves  determination  of  the  peak  pressure  and 
positive  impulse  vorsus  distance  curves  over  a  wide 
rango  of  distance  from  the  charge  and  for  a  wide  range 
of  charge-weights. 

‘  The  afterburning  phenomenon  should  be  studied 
further,  and  an  attempt  should  bo  made  to  obtain  com- 
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plete  detailed  Information  on  the  chemical  processes 
that  occur  and  the  basic  principles  involved*  Alter* 
burning  should  be  studied  using  a  variety  of  explo¬ 
sives. 

The  effects  on  the  blast  of  the  shape  of  the  charge, 
of  the  vreight  of  case  and  of  the  material  of  which  the 
case  is  made  should  be  investigated,  using  a  variety  of 
explosive  fillings. 

Comparisons  with  theoretical  predictions  of  blast 
from  explosive  charges  should  be  made,  using  both 
point  and  line  charges,  the  measurements  being  made 
sufficiently  close  to  the  charge  to  test  the  existence  of 
predicted  maxima  In  the  impulse  versus  distance 
curve*. 

The  pressures  and  impulses  in  ell  directions  from 
line  charges  should  be  measured,  and  the  effects  of 
length  of  chargo,  c.-oss  sectional  shape,  and  weight 
and  material  of  case  on  the  blast  should  be  investi¬ 
gated. 

The  properties  of  tho  negative  phase  (suction) 
from  both  point  and  line  charges  should  be  studied. 
The  origin  and  properties  of  the  “secondary*'  peak 
which  is  usually  observed  at  or  after  the  positive  dura¬ 
tion  time  should  also  be  investigated. 

Tho  measurements  c*  t  rosaures  and  impulses  from 
shocks  obliquely  reflected  from  plane  surfaces  should 
be  continued  and  extended  to  include  tho  whole  ex¬ 
perimentally  accessible  region  around  an  air-burst 
charge.  Photographic  studies  of  the  reflections  of 
shocks  should  be  pursued  further. 

The  refraction  of  shock  waves  around  corners  should 
be  explored,  and  the  particular  applications  of  this  in- 
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formation  to  evaluation  and  design  of  protective  bat* 
ricadea  and  to  the  penetration  of  bloat  into  holes  end 
slots  should  be  made. 

The  reactions  of  simple  systems  under  blast  loading 
should  be  investigated  and  theoretical  work  should  go 
hand  in  hand  with  the  experiments.  The  ultimate 
purpose  of  such  work  should  be  to  establish  well- 
defined  criteria  by  which  weapon  effectiveness  can  be 
assessed. 

The  subject  of  detonation  in  gaseous  mixtures  hse 
been  experimentally  and  theoretically  attacked.  Fur¬ 
ther  work  in  this  field,  however,  is  needed.  The  sir 
blast  from  gas-explosion  sources  should  be  measured. 

New  experimental  techniques  are  needed  for  much 
of  this  woTk  The  condenser-microphone  gauge  is  very 
promising  for  application  where  the  use  of  piezoeleo- 
trie  gauges  is  difficult  Methods  of  pressure-time  meas¬ 
urement  very  close  to  explosive  charges  must  de¬ 
veloped.  Apparatus  for  measuring  transient  tempera¬ 
tures  and  particle  velocities  would  be  very  useful.  Ex¬ 
isting  photographic  techniques  should  be  improved 
and  such  measurements  as  explosion  flame  spectra  at 
high  speed  undertaken.  Now  mechanical  gauges  would 
supply  much  needed  apparatus  for  certain  purposes. 

These  problem),  and  many  others,  have  an  obvious 
bearing  cn  present  or  potential  military  applications, 
Ilowever,  tho  study  of  air-blast  phenomeua  should  be 
undertaken,  at  least  in  part,  with  tho  point  of  view  of 
acquiring  a  body  of  information  which  affords  a  really 
broad  understanding  of  their  nature  and  which  pro¬ 
vides  sufficient  factual  basis  for  development  of 
weapons  in  ways  not  now  foreseen. 
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EXPLOSIONS  IN  EARTH 


U  INTRODUCTION 

4X1  Object  of  the  Investigation 

Tar  pkimabt  purpose  of  the  investigation*  described 
in  this  chapter  was  to  deteraino  the  effect  of  sub* 
surface  explosions  on  massive  underground  structures, 
such  aa  fortifications,  in  order  to  provide  a  rational 
basis  of  design  for  structures  to  Tesist  such  attack  and 
also  to  disclose  the  possibilities  of  such  methods  of 
attack  on  enemy  structures.*  The  investigation  of  these 
problems  was  undertaken  by  the  Committee  on  Pas* 
give  Protection  Against  Bombing  [CPPAB]  (later 
the  Committee  on  Fortification  Design  [CFD])  of  the 
National  Research  Council  at  the  request  of  the  Forti¬ 
fications  Section  of  the  Office  of  the  Chief  of  Engi¬ 
neers,  U.  S.  Anny.  This  section  of  the  Office  of  Chief 
of  Engineers  is  charged,  among  other  things,  with  the 
design  of  field  and  coastal  fortification*.  Up  to  the  be¬ 
ginning  of  World  War  II,  coastal  and  field  fortifica¬ 
tions  were  designed  to  resist  artillery  fire.  However, 
the  advent  of  the  long-rango  heavy  bomber  introduced 
an  unknown  element  into  the  protection  problem; 
namely,  the  effect  of  large  quantities  of  high  explo¬ 
sive  detonated  near  to,  or  in  contact  with,  the  walls 
of  a  structure.  Tho  forces  and  their  distribution  about 
the  structure  aro  much  different  in  this  case  from 
those  produced  by  the  impact  of  a  projectile.  Also,  the 
probability  of  damago  from  a  near  misa  by  a  bomb  ia 
much  greater  than  that  from  a  shell,  even  one  of 
largo  caliber,  sinco  the  shell  carries  a  small  amount 
of  explosive  compared  to  the  bomb.  A  quantitative 
knowledgo  of  the  magnitude  and  duration  of  the 
forces  imposed  upon  the  structure  by  this  form  of 
attack  is  obviously  very  important  to  the  fortification 
designer  and  was  ono  of  the  chief  objectives  of  the 
investigation.  Thia  information,  once  acquired,  can 
obviously  be  used  in  reverse  in  order  to  formulate 
practical  methods  of  attack  on  enemy  installations. 
Some  quantitative  idea  of  the  magnitudes  of  forces 
and  tho  laws  of  propagation  are  essential  to  the  plan¬ 
ners  of  aerial  attack  on  targets  such  aa  bridges,  dams, 
and  underground  installations  in  order  that  adequate 

•Pertinent  to  Wer  Department  Projects  OD-03,  OD-79, 
CE-5,  02-0,  and  to  Navy  Department  Projects  NO-12  and 
NO-203. 


mm  of  bombs  and  density  of  attack  be  used  to  baste 
a  reasonable  chance  of  success.* 

If  industries  and  military  installations  are  in  tbs 
future  placed  underground  to  protect  them  against 
even  more  destructive  explosives  than  have  been  gen¬ 
erally  used,  then  the  propagation  of  earth  shock  and 
its  effect  on  structures  becomes  the  primary  concern 
of  both  the  designer  and  the  attacker  of  such  instal¬ 
lations. 

llJ  Previous  Investigations 

Before  1939,  essentially  the  only  systematic  inves¬ 
tigations  of  the  effect  of  underground  explosions  had 
been  a  study  of  the  remote  effects  of  quarry  blasts, 
which  had  been  undertaken  by  some  explosive  manu¬ 
facturers  aud  the  U.  S.  Bureau  of  Mines  in  order  to 
esL^tish  tho  limits  of  distance  for  certain  varieties 
of  superficial  damage  to  dwellings.*'*  These  investiga¬ 
tions  have  had  very  little  bearing  on  the  problems  of 
military  damage  but  may  be  more  valuable  when 
future  problem*  of  protection  are  considered. 

In  1940  the  problem  of  underground  damage  be¬ 
come  of  immediate  end  pressing  interest  to  the  Brit¬ 
ish,  who  initiated  a  program  of  experiments  to  deter¬ 
mine  crater  radii,  earth  movements,  accelerations, 
and  damage  radii  from  bombs.  These  wero  more  or 
less  ad  hoc  experiments  designed  to  furnish  answers 
to  pressing  problems  as  they  arose  and  did  not  attempt 
a  systematic  study  of  the  phenomena.  Considerable 
data  wore  accumulated  on  the'dimenaione  of  craters 
and  of  the  magnitudes  of  the  earth  movement,  both 
transient  and  permanent,  for  various  arbitrary  depths 
of  explosive  charges.*-1'  A  series  of  controlled  experi¬ 
ments  was  carried  out  at  full  scale  on  tho  damago  in¬ 
dicted  to  underground  piping  and  at  a  model  scale 
on  damage  to  buildings.”'1*  A  survey  of  tlio  state  of 
knowledge  at  the  end  of  1941  concerning  underground 
experiments  is  given  in  a  report1*  containing  some 
avorage  curves  for  earth  movement  and  wall  damage 
as  functions  of  distance  and  size  of  chargo,  together 
with  on  inference  a*  to  the  validity  of  model  laws  for 
scaling  results. 

The  British  had,  of  course,  collected  a  wealth  of 
information  on  damage  to  structures  from  actual 
bombing  incidents,  but  the  complexity  of  these  re- 
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•oils  together  with  leek  of  knowledge  u  to  the  exact 
depth,  point  of  imped,  end  frequently  even  the  bm 
of  bomb,  nude  correlation  difficult  end  in  some  cases 
impossible.  The  interpretation  of  such  data  is  aided 
greatly,  of  course,  by  a  knowledge  of  the  laws  of  varia¬ 
tion  of  underground  effects  with  distance,  charge  sise, 
depth  of  charge,  and  kind  of  sod  which  can  only  be 
obtained  by  systematic  experimentation. 

*“  The  CPPAB-CFD,  Division  2, 

NDRC  Program 

It  became  evident  in  1941,  during  the  course  of 
American  experiments  on  bombing  of  fortification 
elements,  that  considerable  damage  to  a  fortification 
might  be  caused  by  a  near  miss  penetrating  into  the 
earth,  adjacent  to  the  structure  and  exploding  then. 
This  observation  was  consistent  with  the  experience 
of  the  British  on  damage  to  foundation  walls  derived 
from  actual  bombing  incidents.  Proposals  for  protec¬ 
tion  against  snch  incidents  by  means  of  burster  slabs 
and  spaced  walls  were  made  and  tried  out  at  reduced 
and  full  scales.  The  results  were  sometimes  quite  un¬ 
expected  and  led  to  the  conclusion  that  a  systematic 
study  of  the  phenomena  occurring  underground  sub¬ 
sequent  to  the  explosion  of  a  buried  bomb  was  neces¬ 
sary.  The  Humble  Oil  Company  of  Houston,  Texas, 
at  the  conclusion  of  some  discussions  with  members 
of  the  CPPAB  voluntarily  undertook  to  conduct  some 
measurements  on  the  transient  displacements  and 
pressures  in  earth  at  various  distances  from  a  buried 
charge  of  dynamite.**  Thie  work  was  preliminary  in 
character  aud  was  mainly  concerned  with  techniques 
of  measurement  of  these  quantities.  The  results  were 
sufficiently  encouraging  to  warrant  the  continuance 
of  the  work  with  tho  purpose  of  investigating  the  ef¬ 
fects  from  larger  charges,  up  to  1,000  lb  of  TNT.” 
The  results  from  these  tests  were  difficult  to  interpret 
because  the  charges  of  different  weight}  were  not  buried 
at  depths  proportional  to  the  size  of  charge  and  be¬ 
cause,  as  waa  learned  later,  the  coil  in  this  locality  hid 
unusual  transmission  characteristics,  coupled  with  the 
presence  of  a  very  shallow  water  table  which  gave  an 
abrupt  change  of  characteristics  with  depth.  The  re¬ 
sults  of  these  experiments  made  it  clear  that  the  phe¬ 
nomena  wore  indeed  complicated  and  that  only  & 
large-scale  systematic  test  which  followed  the  prin¬ 
ciple  of  investigating  one  variable  ot  a  time  while 
holding  all  the  others  constant  would  yield  the  kind 
of  data  that  would  permit  a  quantitative  evaluation 
of  the  influence  o*  the  various  parameters.  After,  cer¬ 


tain  preliminary  programs  had  been  carried  out  at  th* 
Princeton  Station  of  Division  2  to  investigate  prob¬ 
lems  of  instrumentation  and  choice  of  target  types,  a 
large  program  was  organised  for  the  systematic  study 
of  effects  of  underground  explosions. 

The  objective*  of  these  projected  experiments  were 
(1)  to  ds tannine  tho  magnitudes  at  the  Teaautabk 
physical  effects  from  an  underground  explosion  as 
functions  of  distance,  depth,  soil  type,  sue  of  charge, 
etc.,  (8)  to  measure  the  damage  inflicted  on  a  target 
model  as  a  function  of  these  same  quantities,  and 
(3)  to  obtain,  if  possible,  a  correlation  between  (1) 
and  (2)  in  such  a  manner  u  to  permit  predictions  to 
be  made  as  to  the  damage  that  might  be  inflicted  by 
a  bomb  or  other  explosive  charge  under  a  given  act  ot 
conditions.  An  additional  objective  was  that  of  ac¬ 
cumulating  sufficient  background  information  so  that 
intelligent  experiments  could  be  planned  for  a  par¬ 
ticular  problem  if  objective  (3)  could  not  be  com¬ 
pletely  attained. 

The  magnitude  of  this  program  grew  to  alarming 
proportions  as  the  final  plans  neared  completion  and 
it  was  decided  to  omit  the  investigation  of  the  depth 
effect  and  to  place  all  charges  at  the  scaled  depth  ex¬ 
pected  to  give  maximum  effects  and  damage  as  de¬ 
termined  by  preliminary  experiments.  The  choice  of 
a  target  model  was  attended  by  considerable  perplex¬ 
ity  but  the  problem  was  finally  solved  by  the  decision 
to  use  a  target  thAt  simulated  a  structural  element 
rather  than  a  complete  structure  in  the  hope  that  an¬ 
alysis  aud  application  of  the  results  would  be  facil¬ 
itated.  The  target  chosen  was  essentially  a  reinforced 
concrete  box  without  top  or  bottom  and  with  massive 
side  walls.  An  extensive  construction  program  was 
initiated  at  Camp  G rubor,  Oklahoma,  under  the  super¬ 
vision  of  the  Corps  of  Engineers,  designed  to  furnish 
s  complete  scale  range  of  the  selected  type  of  target 
in  order  to  determine,  among  other  things,  if  any 
scale  effect  existed  which  would  prevent  the  use  of 
models  to  settle  specific  questions.  It  was  essential  in 
such  a  program,  involving  so  much  cost  and  labor, 
that  as  much  information  as  possible  be  accumulated 
from  each  test,  an  objective  that  was  greatly  facilitated 
by  the  cooperation  of  the  Geophysical  Research  Cor¬ 
poration  of  Tulsa,  Oklahoma,  and  of  the  Humblo  Oil 
and  Refining  Company  of  Houston,  Texas,  in  provid¬ 
ing  personnel  and  equipment  for  recording  transient 
velocities,  displacements,  accelerations,  and  earth 
pressures.  This  equipment  was  in  addition  to  the 
Mobile  Oscillographic  Laboratory”  and  personnel 
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provided  by  the  Princeton.  University  Station,  Divi- 
■MNi  a,  NDBC.  The  program  involved  the  detonation 
of  about  100,000  lb  of  explosive  in  units  ranging  from 
8  to  3,200  lb  per  shot  and  the  construction  of  over  50 
target  structures  ranging  in  size  from  one-fifth  to 
fnll  icala.  The  full-scale  targets  had  front  walla  of  5- 
ft  thidknees  and  25-ft  span,  the  other  walls  being 
identical  in  span  but  less  thick.  The  experimental 
work  started  in  August  1943,  occupied  about  four 
months,  and  involved  the  taking  of  approximately 
10,000  records  which  were  equally  divided  between 
transient  measurements  and  those  taken  after  the 
shot.  The  analysis  of  these  data  was  completed  in 
June  1944,  at  which  time  a  report  on  the  tests  and 
analysis  was  rendered  to  the  Office  of  the  Chiof  of 
Engineers.” 

At  this  time  (June  1944)  the  CFP  ceased  to  exist 
and  Division  2,  NDRC,  undertook  to  continue  this 
research  particularly  along  the  tines  suggested  in  the 
above-mentioned  report;  namely,  investigating  the 
effect  of  eoil  type  and  depth  of  charge  and  gauge  on 
the  results.  This  involved  no  change  in  personnel  or 
policies,  inasmuch  as  the  relations  between  Division  2, 
NDRC,  and  the  CFD  had  always  been  very  close  and 
tha  personnel  of  the  Princeton  Station  had  directed 
and  carried  out  much  of  the  previoue  work. 

In  order  to  carry  out  thin  secoud  program,  arrange* 
ments  were  made  with  the  Humble  Oil  and  Refining 
Co.  to  carry  out  investigations  of  the  effect  of  charge 
and  gauge  depth  in  two  radically  different  types  of 
soil.  One  soil  wua  the  heavy  clay  found  along  the  Gulf 
Coast  of  Texas  and  the  other  was  loess,  a  light  aeolion- 
deposited  soil  found  in  the  vicinity  of  Natchez,  Missis¬ 
sippi.  Since  the  previous  investigation  had  shown  the 
model  law  to  be  obeyed,  only  one  size  of  charge  was 
used  in  this  program  (64  lb  TNT).  Concurrently  with 
this  work  a  parallel  program  was  carried  on  at  Prince* 
ton  at  a  smaller  scale  to  check  the  effects  in  a  third 
type  of  soil.  Also,  a  program  of  measurement  of  the 
comparative  effectiveness  of  various  kinds  of  explo¬ 
sives  was  carried  out  at  small  scale.”  Tho  experi¬ 
mental  work  in  these  programs  was  completed  in  July 
1945  and  the  analysis  of  the  data  completed  in  No¬ 
vember  1945.”  The  interpretation  of  the  results  is 
handicapped  by  the  absence  of  any  theory  as  to  the 
propagation  of  explosion  waves  in  a  plastic  material 
such  as  earth,  but  empirical  analysis  has  succeeded  in 
separating  out  fairly  well  the  effects  of  the  different 
parameters  of  charge  and  target  geometry  and  the 
soil  type  from  the  data.  A  correlation  with  a  simple 


theory  of  damage  to  structures  baa  been  made  which 
gives  the  influence  of  some  of  the  target  and  charge 
parameters  on  the  degree  of  expectwi  damage.  (See 
also  Chapter  15  of  this  volume.) 

u  PHYSICAL  PHENOMENA  IN  EARTH 
THAT  ACCOMPANY  AN 
UNDERGROUND  EXPLOSION 

1X1  Phenomena  near  the  Explosion 

Detonation  of  a  charge  changes  ita  solid  material 
almost  instantaneously  into  an  equal  moaa  of  gas  at 
very  high  pressure  which  immediately  begins  to  ex¬ 
pand.  Thit  expansion  imparts  a  high  radial  velocity 
to  the  earth  particles  adjacent  to  the  charge  and  pro¬ 
duces  a  high  transient  pressure  in  the  medium.  The 
high  initial  velocity  of  the  earth  carries  it  past  the 
point  of  pressure  equilibrium,  duo  to  inertia,  so  that 
after  a  certain  time  the  motion  is  arrested  and  a  reverse 
motion  is  imported.  If  tho  pressure  in  the  gas  bubble, 
were  not  relieved  the  pressure  at  remote  pointa  would 
reduce  to  a  value  equal  to  the  permanent  stress  in  tha 
medium  due  to  the  presence  of  this  sphere  of  high- 
pressure  gas.  There  are  two  factors  that  tend  further 
to  reduce  tha  final  pressure ;  one  of  theae  is  the  cool¬ 
ing  of  the  gas  in  the  gas  bubble  due  to  thermal  conduc¬ 
tion  to  the  medium  and  the  other  ia  the  relief  of  pres¬ 
sure  due  to  the  break-through  of  the  gaa  bubble  to 
the  surface  of  tha  earth,  or  to  the  leakage  of  the  gaa 
into  the  surrounding  earth.  If  the  charge  is  buried  at 
such  a  depth  that  the  gas  pressure  is  quickly  relieved 
by  motion  of  tho  medium  above  the  charge,  the  peak 
pressure  will  be  reduced.  This  effect  is  illustrated  in 
Figure  4,  which  shows  the  results  of  an  experimental 
determination  of  the  quantity  called  the  coupling  fac¬ 
tor  of  the  explosive  charge  as  a  function  of  ita  depth 
below  the  surface.  If  tho  chargo  is  within  a  cortain 
depth,  called  the  camouflet  depth,  the  material  above 
the  gas  bubble  will  be  thrown  out  and  a  crater  will 
be  formed.  A  largo  proportion  of  the  earth  vili,  cf 
course,  fall  back  into  the  hole,  thus  masking  the  true 
dimensions,  but  excavations  of  cratcro  have  shown 
that  the  sides  at  and  below  the  depth  of  the  chargo 
are  highly  compressed  and  discolored  from  the  aetiou 
of  the  hot  gases  in  the  bubble. 

SJ  J  Propagatiou  o£  the  Pressure  Wave 

Earth  in  the  vicinity  of  the  high-preesuro  gaa  bubble 
acts  as  a  plastic  ra(hgr  than  an  elastic  medium  which 
means  that  Hooke's  law  is  not  obeyed-  and  that  the 
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strain!  are  not  proportional  to  the  stresses  This  char* 
aderistic  of  earth  as  a  medium  for  the  transmission 
of  pressure  wares  is  illustrated  in  Figure  1,  which 
shone  an  experimentally  obtained  dynamic  stress* 
strain  cum  for  a  certain  variety  of  eilty-clay  soil 


Fiatnuc  1.  Experimental  dynamic  strcas-strain  relation 
for  eilty-clay  eoiL 


found  in  Oklahoma.  The  net  effect  of  this  plastic  be¬ 
haviour  of  the  medium  is  to  cause  pronounced  distor¬ 
tion  of  the  pressure  wave  as  it  is  propagated  away 
from  the  explosion.  From  the  theory  of  wave  propa¬ 
gation  in  solids  discussed  in  Chapter  12  of  this  volume 
it  is  known  that  the  velocity  of  an  incremental  pres¬ 
sure  difference  is  proportional  to  tho  square  root  of 
the  elope  of  the  position  it  would  occupy  on  tho  stress- 
strain  curve,  from  which  it  can  be  readily  seen  that 
tho  velocity  of  the  peak  of  tho  wave  will  be  less  than 
that  of  the  initial  part  of  the  wave.  The  greater  slope 
of  the  unloading  portions  of  tho  stress-strain  curve, 
except  at  very  low  pressures,  indicates  that  the  back 
of  the  wave  has  a  higher  velocity  than  the  front. 

The  effect  of  these  properties  of  the  stress-strain 
curve  is  that  the  wave  suffers  a  continual  change  of 
shape  in  the  rear  aa  well  as  tho  front.  The  peak  is 
simultaneously  retarded  with  respect  to  the  front  of 
tho  wave  and  eaten  away  by  tho  more  rapid  rarefac¬ 
tion  part  following  it.  The  low  speed  of  tho  tail  of  the 
wave  results  in  an  overall  spreading  out  of  the  wave 


in  space  and  time  in  addition  to  these  other  changes. 
These  effects  are  shown  in  •  series  of  experimental 
pressure-time  curves  in  Figure  ft. 

When  these  radial  pressure  waves  meet  the  surface 
of  the  earth  they  are  reflected  with  a  reversal  of  phase. 
In  practice,  th»  wave  is  so  spread  out  in  time  and 
space  that  this  reflection  is  progressive  end  the  re¬ 
flected  part  subtracts  from  tne  compression  wave  be¬ 
low  it  to  produce  an  increase  of  attenuation  of  tbs 
pressure  with  distance  near  the  surface  rather  than  a 
clear-cut  incident  and  reflected  wave.  The  boundary 
conditions  st  the  surface  require  the  existence  of  sa 


auxiliary  sot  of  surface  waves,  sometimes  called  Ray¬ 
leigh  waves.  These  waves  travel  at  a  lower  speed  and 
with  less  attenuation  than  the  direct  compressions! 
waves  and  aro  responsible  for  the  majority  of  surface 
effects  at  very  remote  distances  from  the  explosion, 
such  es  window  rattling  and  possibly  plaster  crack- 
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ing.  The  behavior  of  these  waves  ia  interesting  from 
a  theoretical  point  of  view  bat  race  is  the  vicinity  o t 
the  charge  their  magnitudes  are  negligible  compared 
with  the  direct  compression^  waves,  their  importance 
in  the  study  of  military  damage  is  minor.  It  may  be 
that  with  large  enough  charges  their  effects  at  remote 
Jiirfanraa  may  move  up  into  dte  military  damage  cate¬ 
gory  but  for  normal  explosives  and  bombs  this  is 
certainly  not  trua. 

5JJ  Effect  of  Soil  Characteristics 
The  magnitude  of  the  transmitted  pressure  wave 
from  an  explosive  charge  is  profoundly  influenced  by 
the  properties  of  the  soil  through  which  it  puses  Cer¬ 
tain  soils,  such  as  wet  clay,  are  very  good  transmitters 
of  pressure  while  other  6oils  such  as  silty  loam  and 
loess  are  very  poor  transmitters  of  pressure.  The  ratio 
of  transmissibility  between  the  two  extremes  may  be 
as  large  as  109  to  1.  This  large  ratio  does  not  mean 
that  the  radii  of  damage  from  bombs  in  soil  are  in 
these  ratios  but,  as  will  be  shown  later,  these  damage 
radii  have  a  maximum  ratio  of  approximately  2  to  1. 
The  transmissibility  of  soil  is  expressed  quantitatively 
by  a  number  called ‘the  6oil  constant  h,  which  is  cor¬ 
related  roughly  with  tho  initial  slope  of  the  stress- 
strain  curve  and  is  ordinarily  called  the  initial  mod¬ 
ulus  of  elasticity,  although  the  material  is  plastic  and 
not  elasti...  The  magnitudes  of  ether  phenomena  in 
tho  medium,  such  as  particle  velocity,  acceleration, 
transient  motion,  aud  impulse,  are  found  to  be  pro¬ 
portional  I-'  some  function  of  this  soil  constant,  which 
thus  turns  out  to  be  the  quantity  that  is  most  descrip¬ 
tive  of  the  propagation  qualities  of  the  eoiL 

Referring  to  Figure  1,  the  stress-strain  curve  fer  a 
typical  soil,  one  can  deduce  two  facta,  readily  vended 
by  experiment,  winch  are  (1)  tire  finite  area  enclosed 
by  the  stress-strain  loop  implies  that  considerable  en¬ 
ergy  is  dissipated  per  unit  volume  of  material  so  that 
tho  waves  must  be  rather  rapidly  attenuated,  and  (2) 
the  displacement  of  the  point  of  intersection  of  the 
unloading  curvo  with  the  abscissas  of  the  graph  im¬ 
plies  that  the  medium  is  left  with  a  permanent  strain 
or  displacement  after  the  passage  of  the  wave.  If  tho 
material  were  elastic,  the  peak  pressure  would  decrease 
as  the  inverse  distance,  whilo  experimentally  it  is 
found  that  in  earth  near  the  charge,  the  permanent 
displacement  and  the  peak  pressure  decrease  in  magni¬ 
tude  approximately  as  the  inverse  cube  of  the  distance 
from  the  charge,  indicating  that  the  rate  of  energy 
dissipation  in  earth  is  very  large. 

The  magnitudes  of  pressure,  acceleration,  and  tran- 


sent  displacement  near  the  crater  may  be  very  larg*. 
For  example,  in  a  typical  silty-clay  soil  and  for  a 
1,000-lb  charge  of  TNT,  the  peak  pressure  near  the 
edge  of  the  crater  may  be  1,000  pei,  while  the  accel¬ 
eration  is  about  180  limes  the  acceleration  of  gravity 
and  the  transient  displacement  may  be  as  much  as 
41 

The  magnitude  of  pressure,  acceleration,  etc,  inside 
the  crater  is  not  known  except  by  inference,  the  reason 
for  the  uncertainty  being  the  difficulty  c?  making 
measurements  in  this  region.  Normally  everything  in 
this  region  is  destroyed*  including  any  equipment  that 
may  be  placed  them. 

as  THE  MODEL  LAW 

The  model  law,  when  referred  to  in  connection  with 
physical  tests,  is  a  term  generally  applied  to  a  set  of 
rulea  derived  through  dimensional  reasoning  by  which 
the  recults  of  a  set  of  properly  designed  experiments 
can  bo  extended  to  larger  or  smaller  scales  of  phenom¬ 
ena.  The  term  seals  iff  ad  has  been  somewhat  loosely 
applied  to  any  deviations  from  the  model  law  that 
arise  in  an  analysis  of  experimental  results  derived 
from  models  The  presence  of  such  effects,  which  ap- 
pa.ently  do  occur  in  some  classes  of  experiments,  such 
as  those  on  projectile  penetration  discussed  in  Chap¬ 
ters  5,  6,  and  7,  greatly  complicates  the  analysis  of 
tho  results.  Fortunately  no  such  effects  have  been  de¬ 
tected  in  underground  explosion  testing  and  the  model 
law  results  can  be  extended  with  an  accuracy  as  good 
as  that  of  the  original  measurements. 

If  it  is  assumed  that  the  velocity  of  propagation  of 
the  effect  of  an  explosion  in  earth  depends  only  on  the 
stress  and  not  on  such  quantities  as  the  rate  of  de¬ 
formation,  then  the  effect  of  an  increase  in  all  dimen¬ 
sions  of  tbs  experiment  by  the  length  scale  factor  8 
results  in  an  increase  of  the  time  of  propagation  to 
an  equivalent  point  by  the  samo  factor  8.  It  is  then 
possible  to  make  a  t-.ble  (Table  1)  in  which  any 
quantity  such  as  pressure,  impulse,  velocity,  etc.,  is 
represented  by  its  dimensional  components  of  mass 
11,  length  L,  and  time  T,  and  to  arrive  at  an  expres¬ 
sion  for  the  relative  magnitude  of  this  quantity  in  the 
new  system  which  is  expanded  in  length  scale  by  the 
factor  8 .  In  the  present  experiments  17*,  the  cube 
root  of  the  weight  of  explosive  charge  in  pounds,  boa 
been  selected  as  being  s  length  characteristic  of  ths 
scale  of  the  experiment.  This  may  seem  dimensionally 
misleading  but  it  merely  means  that  there  has  been 
chosen  for  reference  a  unit  of  length  whose  cube  it 
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Symbol  and  quantity  Quantity 

in  original  Seal*  in  tbe 


Quantity  i 

system 

factor  A 

new  system 

Length 

L 

3 

SL 

Mae* 

V 

S • 

S»M 

Time 

T 

« 

ST 

Ferae 

r 

3* 

3V 

Fires  uw 

p,p 

I 

P,P 

Er 

i 

8> 

s»s 

Ve..  * 

W,  • 

1 

«. » 

Tote]  Impulee 

3* 

s*r 

Impulse  per  unit  area 

1 

a 

31 

Displacement 

Z> 

a 

SD 

« 

i/s 

a/S 

proportional  to  the  weight  or  volume  of  the  charge. 
Then  if  an  experiment  is  performed  with  a  charge* 
weight  of  IP,  lb  and  it  is  required  to  know  the  effects 
that  would  occur  T-ith  a  charge-weight  of  IP,  lb,  the 
scale  ratio  5  =  (TP,/ IV,)*,  and  at  the  distance  Sr, 
the  magnitudes  of  the  quautities  in  question  can 
be  determined  from  the  original  measurements  at  dis¬ 
tance  r  multiplied  by  the  factors  given  in  the  table. 
The  model  law,  of  course,  tells  nothing  of  the  manner 
in  which  the  quautities  vary  with  distance  but  states 
only  that  if  the  effect  is  of  magnitude  Bx  in  the  ex¬ 
perimental  system  at  a  distance  r  from  the  charge, 
then  in  the  new  system  the  effect  will  be  AEX  at  a 
distance  Sr  from  the  charge,  A  depending  on  the 
quantity  in  question  and  being  given  in  Table  1. 

An  example  that  illustrates  the  use  of  the  model 
law  is  the  comparison  of  the  peak  pressures  produced 
by  the  explosion  of  1  and  1,000  lb  of  the  same  explo¬ 
sive.  It  is  assumed  that  experiment  has  shown  that 
at  a  distance  of  4  ft  from  the  1-lb  charge  the  peak 
pressure  is  80  psi.  The  length-sealo  ratio  between 
the  two  cases  is  ( 1,000/1)  *  =  10  and  Table  1  shows 
that  the  scale  factor  for  pressure  is  1 ;  consequently, 
at  a  distance  of  40  ft  ( =  Sr)  from  the  1,000-lb  ebargo 
tbe  peak  pressure  is  again  80  psi.  This  is  equivalent 
to  tlie  statement  that  if  r/ir*  is  the  same  for  the 
two  cases  then  the  pressure  is  the  same. 

A  comparison  of  the  impulses  per  unit  area  I  for 
theso  two  weights  of  explosive  at  the  scaled  distances 
4  and  40  ft  is  made  in  the  same  way,  except  that,  from 
Table  1,  the  6calo  factor  for  impul-e  per  unit  area  is 
3  ( =  10).  Thus,  if  the  impulse  per  unit  area  from  & 
1-lb  charge  at  4  ft  is  found  to  be  0.2  psi-sec  then  at 
40  ft  from  a  1,000-lb  charge  tbe  impulse  per  unit  area 
is  2  psi-sec.  This  comes  about  by  virtue  of  the  fact 
that,  although  the  peak  pressures  at  these  scaled  dis¬ 
tances  aro  the  same,  the  time  scale  of  the  phenomena 


is  multiplied  by  10,  the  scale  factor,  so  that  the  dura¬ 
tion  of  the  pressure  is  increased  tenfold.  The  impulse, 
being  proportional  to  the  product  of  pressure  and 
time,  must  then  be  increased  by  a  factor  of  10  aa  in¬ 
dicated. 

It  will  be  noted  in  this  chapter  that  moat  of  the 
experimentally  determined  quantities  have  been  rep¬ 
resented  by  empirical  equations  which  have  aa  co¬ 
efficients  a  constant,  and  various  combinations  of  the 
psrameters  k,  TV,  p,  r,  and  A  which  are  identified  in 
Table  %. 

The  manner  in  which  these  parameters  enter  into 
the  empirical  equations  has  been  determined  very 
simply  by  equating  the  dimensions  on  both  sides  of 
the  equality  sign.  The  variables  were  determined  from 
physical  considerations,  but  the  manner  in  which  they 
entered  the  equation  was  determined  by  dimensional 
consideratiop8.  The  form  of  these  equations  was,  of 
course,  tested  against  the  experimental  data  in  each 
case  and  found  to  be  correct  to  the  first  order  of  ap¬ 
proximation.  The  teat  for  correctness  consisted  in 
determining  to  what  extent  the  dimensionless  constant 
in  the  equation  really  was  constant  for  widely  varying 
values  of  the  parameters. 

Tablb  2.  Parameters  of  tbe  empirical  equations. 

Symbol  Name  Dimension _ Unit* _ 

A  Soil  constant  Psi 

W  Charge-weight  Ll  Lb 

fi  Soil  density  ML~*  Lb-eeo’/ln.4 

lb  per  <m  In. 
aco.  g  (in./eec’) 

r  Distance  L  Ft 

X  r/W*  1  Dimensionless  unit  of 

_ distance  from  oharge 

This  section  would  bo  incomplete  without  a  specific 
mention  of  target  and  damago  relations  to  the  model 
law.  One  of  the  primary  objectives  of  tho  experimental 
program  was,  of  course,  to  determine  tho  accuracy  of 
the  model  law  as  applied  to  taiget  damago.  The  chief 
cause  of  the  initial  uncertainty  was  tho  fact  that  them 
arc  certain  things  in  nature  that  do  not  scale,  the  chief 
r  offender  being  the  effect  of  gravity.  By  changes  of 
density  of  component  materials  efforts  to  overcome 
this  defect  can  be  made,  but  it  is  not  easy  to  find 
structural  materials  of  comparablo  strength  and  with 
greatly  different  densities.  Consequently,  if  gravity  is 
a  controlling  factor  in  an  experiment,  modification  of 
tho  model  law  must  be  made.  It  was  found  experimen¬ 
tally,  as  had  been  inferred  but  not  proved,  that  the 
impulsive  forces  involved  in  the  damaging  of  a  mas¬ 
sive  structure  are  very  large  compared  to  gravity 
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forces,  so  that  essentially  no  deviation  from  the  model 
lav  vaa  detected.  The  conclusion  ia  then  that  (tree* 
tural  dimensions  can  be  scaled,  at  least  over  a  factor 
of  5  and  probably  10,  without  encountering  any  devia¬ 
tion  from  the  model  lav  ns  far  u  explosive  damage 
it  concerned. 

A*  THE  CHARACTERISTICS  OF  EARTH 

Earth  as  a  transmission  medium  for  mechanical 
effects  is  characterised  as  a  nonelastic  or  a  plastic 
medium.  Its  transmission  properties  vary  with  mois¬ 
ture  content,  grain  aim  and  shape,  composition,  his¬ 
tory,  and  possibly  other  factors.  These  effects  combine 
to  make  the  properties  with  respect  to  local  position 
variable  with  depth,  location,  and  weather.  A  25  per 
cent  dispersion  in  the  measured  effects  from  individual 
shots  in  a  small  area  is  the  best  consistency  that  has 
so  far  been  attained.  Reliable  results  can  only  be  ob¬ 
tained  by  taking  repeated  measurements  and  averag¬ 
ing  the  results.  In  a  region  with  variable  soil  types 
the  individual  results  may  vary  by  a  much  greater 
factor  than  25  per  cent.  However,  it  the  average  soil 
constant  of  that  locale  is  determined  by  a  seismic 
method  (discussed  later)  the  results  will  not  diverge 
very  greatly  from  the  25  per  cent  consistency  level. 

« 

A4-1  Wave  Propagation 

The  nature  of  earth  as  a  transmission  medium  can 
be  most  readily  understood  by  an  examination  of  the 
stress-strain  curve  lor  a  typical  silty-clay  soil.  This 
stress-strain  curve,  which  is  shown  in  Figure  1,  was 
determined  by  dynamic  measurement  described  in 
detail  elsewhere.*  This  figure  shows  that  the  slope  of 
the  loading  part  of  the  stress-strain  curve  decreases 
with  on  increase  of  pressure  while  the  unloading  part 
of  the  curve  dccreosca  in  slope  with  a  decre&so  in  the 
pressure.  The  Tesult  of  euch  a  shape  of  the  stress- 
strain  curve  is  to  produce  dispersion  in  the  trans¬ 
mitted  compressions!  wave  in  euch  a  way  as  to  pro¬ 
hibit  the  formation  of  a  true  shock  wave.  (See  Chapter 
12  for  discussion  of  wave  propagation.)  This  is  bo-> 
cause  the  decrease  of  slope  at  higher  pressure  levels 
corresponds  to  &  lower  propagation  velocity  for  the 
peak  of  the  wave  than  for  the  lower  pressure  levels. 
This  is  indicated  by  the  equation 


In  this  equation  p  '  ve  density  of  the  medium 
(weight  per  unit  volume  divided  by  tho  acceleration 


of  gravity),  p  is  pressure  or  stress,  1  is  strain,  and  * 
ia  the  propagation  velocity  of  the  pressure  level  cor¬ 
responding  to  the  point  where  dp/ 62  is  measured; 
consistent  units  must  be  used 
This  variable  velocity  causes  a  continual  change  of 
shape  of  the  wave  u  it  progresses  away  from  the 
source  as  ia  discussed  in  the.  introduction  to  this  chap¬ 
ter  and  in  Chapter  EL 

The  area  between  the  loading  and  unloading  parts 
of  the  curve  of  Figure  1  represents  the  energy  ab¬ 
sorbed  per  unit  volume  of  the  soil  passed  over  by  the 
wave.  This  must  cause  an  attenuation  of  the  amplitude 
and  energy  of  the  ware  as  it  progresses  away  from  the 
charge.  Calculations  indicate  that  this  energy  loss  ia 
consistent  with  the  experimentally  determined  rates 
of  decay  of  pressure  and  displacement  of  the  soil. 
The  rate  of  propagation  of  the  initial  part  of  the  wave, 
or  of  very  small  amplitude  waves,  is  determined  by  the 
initial  slope  of  the  stress-strain  curve.  This  corre¬ 
sponds  to  the  velocity  determined- by  seismic  refrac¬ 
tion  shooting.  Tho  fact  that  there  is  a  rough  correla¬ 
tion  between  tho  soil  constant  and  the  propagation 
velocity  indicates  that  the  general  shape  of  the  stress- 
strain  curve  is  preserved  in  marly  soils  even  though 
the  magnitude  of  the  coil  constant  varies  over  large 
ranges. 

The  density  of  the  soil  has  only  a  small  range  of 
variation  in  comparison  with  the  other  parameters. 
The  degree  of  compaction  on  the  other  hand  has  an 
appreciable  effect  on  the  strcaa-strain  relation  which, 
in  a  nonstratified  medium,  produces  a  continuous  in¬ 
crease  of  velocity  with  depth.  Tho  elfect  of  this  con¬ 
tinuous  change  of  velocity  is  to  produce  a  curved 
transmission  path.  This  was  experimentally  found  to 
be  the  case  in  thick  beds  of  loess  encountered  in  tho 
vicinity  of  Natchez,  Mississippi.** 

The  moisture  in  the  soil  is  probably  tho  most  im¬ 
portant  variable  and  produces  tho  greatest  effect  on 
the  transmission  of  pressure.  Moisture  content  can 
change  rapidly  with  depth,  particularly  at  the  bound¬ 
ary  of  the  water  tabic.  This  rapid  variation  of  veloc¬ 
ity  produces  refraction  and  possibly  reflection  effects, 
although  these  latter  have  not  been  definitely  sepa¬ 
rated  out  of  the  data.  The  velocity  of  transmission 
through  a  water-soaked  soil  may  be  'ppreciably  higher 
than  the  velocity  through  water  itself.  This  corre¬ 
sponding  high  trauemiesibility  appears  in  the  data  as 
a  very  high  soil  constant  for  wet  soils. 

Another  effect  which  appears  to  be  a  general  one 
is  the  presence  of  a  low-velocity  layer  very  near  to  the 
surfaco  of  many  soils.  This  effect  is  not  thoroughly 
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understood  but  may  bo  due  to  &  layer  at  aerated  and  7.  Permanent  earth  displacement  at  or  below  the 
highly  compressible  soil  near  the  surface  which  has  aarfaces 


inherently  a  low  Telocity,  or  it  may  be  doe  to  an 
ward  bulging  ot  the  surface  layer  which  retards  the 
horizontal  transmission  of  pressure.  The  ettenuetion 
of  the  pressure  ware  is  greatly  increased  in  this  shal¬ 
low  layer,  aa  shows  by  the  fact  that  the  exponent  ot 
the  pressure-distance  cum  (discussed  Is  ter)  changes 
from  — 3  to  — 4  in  this  region. 

A  great  amount  ot  work  haa  been  done  on  the 
problem,  of  predicting  the  soil  transmission  character 
from  cn  examination  of  the  groin  sixes  and  distribu¬ 
tion,  together  with  moisture  content  The  samples 
used  were  obtained  by  test  borings.  Core  samples  hate 
been  taken  end  tested  tor  moduli  of  elasticity  under 
rather  careful  control,*1  but  the  correlation  of  these 
results  and  the  transmisaibility  of  the  soil  as  measured 
by  explosion  trials  have  proved  very  poor.  It  may  be 
that  the  act  of  removing  the  soil  from  its  place,  oven 
if  carefully  done,  completely  chungea  its  stress-strain 
characteristics  fr-m  those  obtained  in  situ.  The  corre¬ 
lation  of  directly  measured  results  with  those  obtained 
by  seismic  refraction  shooting  is  very  much  better. 

The  transmission  properties  of  rock  for  very  high 
pressures  have  not  been  studied  with  the  same  tech¬ 
niques  applied  in  this  work.  Probably  a  systematic 
study  would  reveal  many  features  common  to  both 
media;  however,  the  closer  approach  to  elastic  condi¬ 
tions  for  rock  would  be  expected  to  modify  the  results 
iu  many  details. 

ls  EXPERIMENTAL  METHODS 

The  physical  effects,  resulting  from  the  detonation 
of  an  explosive  charge  underground  may  be  divided 
into  two  desses:  (1)  transient  effects  which  must  bo 
measured  as  functions  of  time,  and  (2)  permanent 
effects  which  may  be  measured  subsequent  to  the  ex¬ 
plosion. 

The  transient  quantities  are: 

1.  Pressure. 

2.  Impulse  per  unit  area. 

3.  Particle  velocity. 

4.  Particle  acceleration.  This  may  be  measured 
directly  or  obtained  by  a  time  differentiation  of  3. 

6.  Particle,  displacement.  This  tuay  be  moauured 
directly  or  obtained  by  a  time  integration  of  8. 

6.  Velocity  ot  propagation  of  the  pressure  wave. 

The  permanent  effects  which  may  be  measured  after 
the  explosion  ere: 


8.  Crater  six*. 

9.  Damage  to  structures  in  the  vicinity  ot  the 
charge. 

All  of  the  effects  listed  with  the  exception  at 
•  end  8  can  be  measured  on  a  structure  underground, 
but  the  magnitudes  ot  these  quantities  ere  determined 
by  the  characteristic*  ot  the  structure  aa  well  ea  ot 
the  earth. 

The  methods  of  measurement  of  these  quantities 
are  in  general  quite  straightforward,  although  in 
most  cases  very  eloborste  equipment  is  needed  because 
of  tl*  necessity  for  the  simultaneous  measurements 
of  mar.y  quantities.  Simultaneity  cf  the  measure¬ 
ments  is  desirslle  because  the  inhomogeneous  nature 
of  the  medium,  earth,  makes  impossible  the  exact 
repetition  of  any  experiment.  To  obtain  good  correla¬ 
tion  between  quantities  it  it  very  desirable  to  measure 
them  all  from  a  single  shot  An  example  of  the  efforts 
made  in  this  direction  was  the  systematic  measure¬ 
ment  cf  32  transient  quantities  per  shot  in  the  experi¬ 
ments  conducted  in  Oklahoma.  Of  course,  the  results 
of  many  shots  were  aversged  to  obtain  the  perform¬ 
ance  of  the  soil  and  structures  but  a  factor  character¬ 
istic  of  each  shot  can  be  obtained  aa  a  result  ot  the 
number  ot  simultaneous  measurements. 

85,1  Testing  Procedure 

Tho  general  experinKutal  procedure  is  to  drill  e 
hole  somewhat  larger  than  the  diameter  of  the  explo¬ 
sive  charge  to  the  appropriate  depth,  place  the  charge, 
and  fill  the  hole  with  water  or  thin  mud  as  a  tamping 
agent  The  pressure  gauges  are  placed  at  the  bottoms 
of  smaller  holes  drilled  to  the  proper  depth  and  the 
holes  filled  to  the  top  with  water.  A  slightly  different 
procedure  has  to  be  used  for  the  volocity  and  accelera¬ 
tion  gauges,  since  it  is  found  that  for  consistent  re¬ 
sults  these  instruments  must  be  cemented  in  place. 
The  coupling  to  the  earth  appears  to  be  variable  unless 
this  procedure  is  followed.  This  makes  it  extremely 
difficult  to  place  these  instruments  at  appreciable 
depths  because  of  the  recovery  problem.  For  this 
reason  almost  all  the  measurements  of  particle  veloc¬ 
ity  and  acceleration  were  taken  at  depths  Tanging 
from  6  to  18  in.  from  tho  surface. 

Transient  Measurements 

The  transient  mechanics!  effects  are  translated  by 
.  an  electromechanical  gauge,  characteristic  of  the  par- 
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ticular  quantity  in  question,  into  an  electric  charge  or 
voltage  which  is  amplified  electrically  and  applied 
to  a  recording  oscillograph.  This  may  operate  on 
either  the  electronic  (cathode-ray)  or  the  electro¬ 
magnetic  principle.  The  time  rate  of  variation  of  moat 
of  tha  quantities  in  small-scale  work  ia  great  enough 
so  that  cathode-ray  oscillographs  are  desirable  record¬ 
ing  agents,  hut  for  large  charges  high-frequency  elec¬ 
tromagnetic  or  piezoelectric  oscillographs  may  be  used. 
The  high-frequency  requirements  are  leas  severe  than 
are  required  for  air-blast  recording  but  the  require¬ 
ments  at  the  low-frequency  end  of  the  spectrum  are 
slightly  more  severs. 

The  records  of  the  oscillograph  deflections  may  he 
obtained  on  moving  film  or  paper  cameras,  drum  esm- 
eras  with  film  or  paper,  or  still  cameras  using  a  single 
sweep  on  the  cathode-ray  tubes.  All  these  methods 
have  been  used,  with  film  recording  predominating 
for  cathode-ray  oscillograph s  [CRO]  while  paper  re¬ 
cording  is  more  often  used  for  electromagnetic  os¬ 
cillographs. 

Detailed  descriptions  of  the  apparatus  used  during 
the  investigation  reported  here  are  given  in  published 
reporta.'**" 

The  electromechanical  gauges  may  in  general  he 
divided  into  three  types;  that  is,  (1)  piezoelectric, 
(2)  electromagnetic,  and  (3)  variable-resistor  gaugca. 
A  list  of  the  measurable  transient  quantities  together 
with  tho  type  of  gauge  used  in  its  measurement  is 
given  in  Tablo  3. 

Ta_bl*  3.  Measuring  instrument*. 

Quantity  Gaugo  principle 

Pressure  Pietoeleclrio,  variable  reds  tor 

Impulse  Piezcclectrio,  variable  resistor 

Particle  velocity  Electromagnetic 

Particle  acceleration  Electro  ran  gnetia,  piezoelectric, 

variable  resistor 

Particle  dir, placement  Electromagnetic 

The  pressure  gauges  are  of  two  types:  (1)  piezo¬ 
electric  and  (2)  variable  resistor  of  which  the  piezo¬ 
electric  is  the  moro  successful,  in  general,  although 
tho  variable-resistor  gauges  aro  more  rugged  and  can 
bo  ueed  closer  to  the  explosive  charge.  Tho  piezoelec¬ 
tric  gauges  aro  similar  to  those  used  in  air-blast  re¬ 
cording  and  consist  of  a  stack  of  tourmaline  crystals 
with  appropriate  electrodes  and  connections  covered 
with  a  waterproof  coating  of  rubber  compound.  Since 


these  gauges  are  sensitive  to  hydrostatic  pressure,  no 
honsing  need  be  provided.  The  resistor  gauges  operate 
through  the  change  of  resistance  of  a  coil  of  wire  due 
to  hydrostatic  pressure.  The  coil  of  wire  is  housed  in 
an  oil-filled  container  to  which  the  pressure  ia  trans¬ 
mitted  b;  a  neoprene  diaphragm.**  This  gauge  is  rag¬ 
ged  but  insensitive,  the  chief  difficulty  being  the  ten¬ 
dency  of  the  oil  column  to  be  set  into  oscillation  by  a 
peaked  pressure  wave. 

The  particle  velocity  gauges  operate  because  of  the 
motion  of  a  coil  in  a  magnetic  field,  the  generated 
voltage  being  proportional  to  the  velocity  of  rotative 
motion.**  These  gauges  have  teen  very  successful,  in¬ 
asmuch  aa  it  ia  found  that  differentiation  of  their  rec¬ 
ords  gives  values  of  acceleration  consistent  with  direct 
measurements  and  the  integration  of  the  records  gives 
values  of  displacement  which  are  also  consistent  with 
directly  measured  values.  Direct  measurements  of  ac¬ 
celeration  were  made  with  piezoelectric  and  electro¬ 
magnetic  accelerometers*  of  which  the  piezo  type  ia 
the  more  useful  because  of  its  ruggedneaa. 

Transient  displacement  of  the  earth  was  measured 
by  a  coil  on  an  inverted  spring  pendulum  which  was 
coupled  to  two  coils  oxcited  in  phase  opposition.  Dis¬ 
placement  of  the  coil  generates  a  voltage  proportional 
to  ita  displacement**  Thia  instrument  was  quite  suc¬ 
cessful,  the  chief  difficulty  being  the  necessity  for  ac¬ 
curate  leveling  and  the  change  of  damping  constant 
with  tomporature.  This  was  the  only  oil-damped  in¬ 
strument  used,  tho  others  being  clectromagnoticolly 
damped. 

Since  all  of  the  measured  quantities,  except  pres¬ 
sure,  are  vector  quantities,  it  ia  necessary  to  uae  all 
the  instruments  except  the  pressuro  gauges  in  pairs 
at  each  station,  ono  to  measure  the  radial  horizontal 
component  and  the  other  to  measure  the  vertical  com¬ 
ponent  Only  a  single  pressure  gaugo  waa  used  at  each 
station.  All  piezoelectric  gauges  are  subject  to  the  vex¬ 
atious  effect  of  cable  signal  which  is  the  spurious 
charge  generated  in  tho  insulation  of  cables  when  put 
into  motion.  Special  cables  con  bo  obtained  in  which 
the  effect  is  reduced  to  a  minimum ;  in  addition,  pro¬ 
tection  to  these  cables  must  be  provided  so  that  they 
are  disturbed  as  little  as  possible  by  shaking  and  by 
falling  debris,  A  cable  manufactured  by  the  British, 
called  Telecon,  seems  to  be  the  best  so  far  obtained 
from  the  standpoint  of  absence  of  cable  oignoL 
Broad-bond  amplifiers  with  very  long  time  Con¬ 
stanta  must  be  provided  for  tho  recording  of  the  elec¬ 
tric  outputs  of  gauges,  particularly  the  procure 
gauges,  oince  sometimes  with  big  charges  the  effects 
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are  «!  relatively  long  duration  while  for  amall-ecale 
tatting  tha  tiaea  to  tin  peak  art  frequently  vary  abort 
Theta  require  cathode-ray  oecOkgrepha  for  their  re¬ 
cording,  but  the  particle  velocities  and  aarth  motiona 
are  aufflcientiy  alow  for  electromagnetic  oeclllographa 
of  meonably  good  frequency  leeponea  to  be  need  auo- 
eeaefufly. 

Tha  multiplicity  of  amplifier*  and  racordinf  chan- 
nala  generally  meant  that  a  special  track  must  he  pro¬ 
vided  to  accommodate  the  apparatua  both  in  <  remit 
and  In  uee.“  A  separate  gaeoline-driven  power  aupply 
of  good  regulation  it  neoeaaary  to  aupply  electric  cur-  . 
rent  to  the  apparatua. 

RESULTS  IN  EARTH  IN 
ABSENCE  OF  STRUCTURES 

4X1  Variation  of  Peak  Prcsaure  in  Free  Earth 

The  pressure  in  earth  from  the  detonation  of  an  ex¬ 
plosive  charge  on  or  below  the  surface  is  propagated 
aa  a  vave  that  is  characterized  by  a  continuous  change 
of  shape  end  length  with  distance  from  the  charge. 
(See  Figure  2.)  This  change  of  shape  ia  a  result  of 
tho  spherical  divergence  of  the  wave  and  of  the  char¬ 
acter  of  the  8tresa-etrain  rotation  of  the  medium  which 
causes  the  higher  pressures  to  be  propagated  more 
slowly  than  the  low-pressure  level*  of  the  wave.  (See 
Soction  3.3  and  Chapter  12.) 

The  magnitude  of  the  peak  pressure  of  the  wave  ia 
determined  by  essentially  five  factors:  (1)  the  distance 
from  the  charge,  (2)  the  character  of  the  soil,  (3)  tha 
coupling  of  the  explosive  cnorgy  to  the  soil,  (4)  the 
kind  and  amount  of  explosive,  and  (6)  the  depth  of 
gauge  if  it  is  less  than  a  critical  depth. 

The  general  equation  that  ia  found  to  fit  all  the  re¬ 
sults  obtained  in  the  range  of  distances  2  3  X  £  15  is 
P  =  FI fiA-,  *  (2) 

where  P  *=  peak  pressure  in  pai. 

X  =  r/lP*  =  distance  in  feet  divided  by  the 
cube  root  of  the  weight  of  oxploaive  charge 
in  pounds. 

Ic  =  a  constant  characteristic  of  the  soif. 

F  —  a  coupling  coeOlciont  determined  by  the 
depth  of  burial  of  the  charge. 

E  a  an  energy  factor  dotorzntned  by  the  typo 
of  explosive. 

n  =  an  exponent  whose  valuo  la  determined  by 
the  depth  of  the  charge  or  gauge. 

The  normal  value  of  the  exponont  n  is  3  except  for 
depth  of  charge  or  gauge  loss  than  a  critical  value  of 


approximately  ftW*  ft  For  depths  leas  than  this 
the  exponent  approaches  the  value  4.  The  cause  of  thia 
increased  attenuation  near  the  surface  ia  not  very  well 
understood  but  may  be  due  to  surface  yielding  or  to  a 
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reflection  of  thn  pressure  nti  from  the  surface  in  the 
opposite  phi—  which  reduces  the  peak-presaure  level 
n  the  distance  from  the  charge  increase*.  The  Taint 
of  3  for  the  exponent  it  depthi  greater  thin  thia  criti¬ 
cal  one  ?s  well  established  by  many  tests  conducted  in 
— Teral  different  types  of  aoiL  Figure  8  shows  the  tart 
ation  of  peak  presumes  from  1,000-lb  TNT  chargee  ae 
function  of  distiaoe  factor  X,  obtain'd  at  Gamp 
Gruber,  Oklahoma. 

The  explosive  factor  S  baa  been  determined  for  sev¬ 
eral  types  of  explosives*4  with  the  results  shown  in 
Tablet 


Tabus  4.  Explosive  factor*  far  pwwne. 


Explosive 

■,n_— w-:-. 

Explosive  factor  B 

TNT 

1.00 

Amatol 

1.04 

Comp.  B 

* 

1.04 

Tritons) 

1.17 

Minol  2 

1.84 

HBX  J 

1.39 

For  experiments  using  TNT,  the  explosive  factor 
is  unity  and  con  be  omitted  from  the  equations.  See 
Data  Sheet  3B3  of  Chapter  19  for  summary  of  data 
on  peak  pressures  in  earth. 

The  coupling  factor  F  is  s  function  of  the  depth  of 
burial  of  the  charge  and  is  shown  in  Figure  4  with  the 


Fiouar.  4.  Explosive  coupling  factor  as  function  of 
charge  depth  In  day  silt. 


abscissa  in  units  of  <f(ft)/Wl(lb).  This  curvo  seems 
to  have  a  maximum  value  at  a  depth  of  burial  corre¬ 
sponding  to  d/Wl  =  2  and  to  fall  o9  rather  rapidly 
at  smaller  depths  and  rather  slowly  at  greater  depths. 
The  reason  for  the  lower  voluo  at  the  more  shallow 
depths  is  apparently  due  to  the  esespo  of  gases  before 
the  materiel  of  the  medium  near  the  explosion  has 
reached  the  limit  of  its  outward  expansion.  It  is  be¬ 
lieved  that  for  deeper  gauges  this  fall-off  at  greater 


depths  of  charge  will  be  more  grad  ail  or  not  emu  oo- 
cur.  No  data  exist  to  prove- or  disprove  this  poin^  . 
however.  The  most  striking  feature  is  the  almost  lin¬ 
ear  rata  of  fall-off  at  charge  depths  leas  than  the  criti¬ 
cal  depth  of  HW*  ft  and  the  relative  ennitanqy 
tor  greeter  depth. 

For  charges  of  TNT  buried  et  depths  of  approxi¬ 
mately  2W*  ft  and  with  gang—  et  e  depth  gteolst 
than  %TF>  ft  the  equation  for  pressure  ae  a  func¬ 
tion  of  distance  reduces  to 

P  =  iX-».  (3) 

This  simple  form  of  the  empirical  equation  for  va¬ 
riation  of  pressure  with  distance  allows  the  transmit- 
sion  characteristics  of  the  soil  to  be  expressed  by  a 
tingle  parameter  k,  which  is  colled  the  soil  constant 
If  X  is  taken  os  a  dimensionless  variable,  then  k  has 
the  dimensions  of  a  modulus  of  elasticity.  The  range 
of  values  of  k  encountered  in  the  experiments  reP1** 
eents  the  variations  in  the  soil  if  it  is  assumed  that 
the  tame  energy  per  pound  of  explosive  is  released  at 
every  ahot  The  assumption  aa  to  the  constancy  of  en¬ 
ergy  release  in  a  properly  booatered  charge  is  verified 
by  other  explosive  testa.  Any  systematic  variation  in  k 
with  the  weight  of  explorive  charge  would  be  evidenoa 
of  the  presence  of  a  scale  effect  No  each  variation  la 
detected  in  any  of  the  data.  > 

The  soil  constant  may  vary  over  a  range  of  more 
than  100  to  1,  depending  on  the  type  and  condition  of 
the  soil,  whereas  the  coupling  factor  does  not  ehow  a 
range  of  variation  exceeding  about  7  to  1.  Thia  fact 
indicates  that  the  type  of  soil  is  the  most  important 
■ingla  variable  governing  the  transmission  of  pre— ure. 

Tania  5.  BoQ  ooaitanU  for  pressure  aa  function  of  soil 

typo  and  location. 

Boll  type  Location _ A(mln)  fc(mar)  k(»v g) 

Loom  Notches,  Ml—  400  1,700  BOO 

Clay  silt  (loom)  IMnoeton,  N.  J.  1,800  3,600  2.000 

Silty  clay  Camp  Gruber,  Okla.  1,300  0,000  ft, ICO 

Clay,  unaaturatod  Houston,  Tex.  10,000  20,000  18,000 

Clay,  saiurstcd  Houston,  Tea  60,000 180,000  100,000 

Table  '5  shows  measured  values  of  the  soil  constant 
for  different  types  of  soiL  See  also  Table  12  for  n 
more  extensive  tabulation  of  soil  constants  based  on 
measured  seismic  velocities. 

The  general  variability  to  be  expected  in  soils  con 
be  seen  from  the  range  of  the  maximum  and  mini¬ 
mum  values  of  k  given  in  Table  8  for  each  soil  type. 
This  range  of  variation  is  probably  due  to  local  con¬ 
ditions  of  moisture  content  and  composition.  The 
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*1 


largest  variable  other  than  the  type  of  toil  Menu  to 
he  it*  moisture  content,  a  lector  varying  in  e  some* 
vi^et  unpredictable  manner.  In  some  localities  the  soil 
constant  varies  rapidly  with  depth  (Figure  6).  This 
has  occurred  in  situations  in  which  a  shallow  water 
table  wet  present  to  that  the  moistnre  content  end 
velocity  of  transmission  varied  over  a  large  range 
S«ita  near  the  enrieo. 


em*e  ogetM  .  k 

ic kamos  astsHrlW  T/Vf 


Fiouaa  8.  Variation  of  soil  constant  with  nun  depth 
in  Texas  clay.  * 


of  :fc25  per  cent,  is  * 

»  - 

where  k  9  toil  constant  in  pel, 
p  as  density  of  the  soil  ** 


(*) 

lb  per  cu  in. 


384  in.  per  sec* 

r  *  velocity  of  seismic  wsva  propagation  fat 
in.  per  asm 


This  equation  has  been  found  to  hold  within  an  ever* 
age  accuracy  limit  of  25  per  cent  over  a  very  wids 
range  of  soil  types  and  values  of  the  soil  constant  It. 

These  correlations  indicato  that  the  general  shapes 
of  the  strew -strain  curves  are  similar  in  all  the  soQa 
meuured  so  tar.  The  basis  ol  this  statement  is  that 
the  peak  pressure  and  consequently  the  soil  constant 
it  governed  by  the  shape  of  the  overall  stress-strain 
curve,  while  the  seismic  velocity  it  indicative  only  of 
the  initial  slope. 

Exhaustive  tests  of  soil  properties  at  the  site  of  ex* 
plosion  teste  mode  by  the  U.  8.  District  Engineer 
Office  at  Tulsa,  Oklahoma,  have  shown  no  satisfactory 
correlation  between  transmission  of  explosion  waves 
and  the  characteristics  of  the  toil  determined  by  the 
customary  methods  of  Goil  noochanics.,,.It  may  be 
that  the  act  of  removing  soil  for  te«t,  no  matter  how 
carefully  performed,  disturbs  its  elastic  or  plastic 
properties  enough  to  givo  questionable  results.  The 
site  of  the  tests  contains  soils  of  an  extremely  hetero¬ 
geneous  character  and  the  possibility  exists  that  a 
more  general  study  would  yield  positive  results. 

'  Tests  in  tho  Sold  havo  shown  that  the  peak  pressure 
exerted  against  a  mossivo  target  due  to  reflection  will 
bo  about  twice  the  press uro  in  free  earth.11 


A  correlation  has  been  found  between  tho  soil  con- 
•tant  k  and  the  velocity  of  propagation  of  a  seismic 
wave  in  the  material.  This  is  the  velocity  of  a  low- 
amplitude  wave,  corresponding  to  a  sound  wave  in 
air,  and  is  to  be  distinguished  from  the  velocity  of  the 
peak  of  a  Unite  wave.  The  initial  slopo  of  the  stress- 
etrain  curve  is  associated  with  the  velocity  of  very 
low-amplitude  waves.  The  seismic  velocity  of  these 
low-amplitude  waves  is  obtained  by  shallow  refraction 
shooting,  using  very  small  charges.  This  is  a  modifl- 
cation*1  of  the  technique  used  by  geophysical  pros¬ 
pectors  in  search  for  oil.  Such  explorations  can  bo 
carried  out  very  easily  and  cheaply  compared  to  the 
direct  method  of  measuring  explosion  pressures.  The 
result  of  tho  correlation,  which  U  accurate  to  the  order 


M-a  Y arintion  of  Impulse  per  U nit  Arc* 
in  Freo  Earth 

*  Tho  positive  impulse  per  unit  area  of  a  pressure 
wave  in  earth  is  tho  forward  momentum  earned  by  a 
unit  cross  section  of  the  wave  and  is  given  by  the  time 
integral  of  the  pressure  up  to  tho  time  at  which 
the  pressure  falls  to  zero  in  the  tail  of  the  wave;  i.e., 

l=j''pdt.  (5) 

Experimental  determination  of  the  impulse  in  free 
earth  from  the  charge  bos  shown  that  it  obeys  an  em¬ 
pirical  equation  of  the  following  form: 

I  -  E'FVW'k-*'*  (6) 
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whu*  1  =>  impulse  per  unit  am  in  psi-eec, 

X*  =■  explosive  factor  for  impulse, 

F  **  explosive  coupling  factor  (Figure  4), 
y  m  a  constant,  characteristic  of  the  aoil 

typ* 

TF*  «  cube  root  of  the  weight  of  charge 
k  mrfW*  =*  distance  in  feet  from  the  charge 
divided  by  the  cube  root  of  the  weight 
of  charge  in  pounds. 

The  explosive  factors  E*  do  not  have  the.same  values 
for  impulse  as  tor  peak  pressures.  This  is  not  surpris¬ 
ing,  since  the  impulse  is  mors  influenced  by  the  be¬ 
havior  of  the  gaseous  products  after  detonation  than 
is  the  peak  pressure.  With  one  exception,  the  explo¬ 
sives  fall  in  the  same  order  of  merit  but  with  slightly 
different  ratios.  This  is  shown  in  Table  6.*4 


Taslb  8.  Explosive  fee  ton  for  Ion  pula*. 


Explosive 

Explosive  factor  B1 

TNT 

1.00 

Amatol 

1.04 

Comp.  B 

0,97 

Tritons! 

1.27 

Minot  2 

1.38 

HBX4 

130 

The  explosive  coupling  factor  F  is  the  same  as  for 
peak  pressure  and  is  given  in  Figure  4  for  the  various 
depths  of  burial  of  the  charge. 

As  in  the  case  of  peek  pressure,  if  the  explosive  is 
TNT  and  ths  depth  of  burial  is  of  the  order  of 
2W*  ft,  then  tho  impulse  per  unit  area  can  bo  ex¬ 
pressed  by  the  simple  empirical  equation : 

I  =  Wa-vs.  (7) 

In  this  equation  only  one  arbitrary  parameter  is 
prcucat  which  may  bo  associated  with  ths  trensraissl- 
bilrty  of  tho  soil.  Tho  constaut  V  in  this  equation 
turns  out  to  have  a  much  smaller  range  of  variation 
for  different  soils  than  does  tho  soil  constant  k.  Its 
measured  values  are  given  for  different  aoil  types  in' 
Tu’Jo  7. 


Tabu  7.  Roll  constants  for  impulse  for  various  soils. 


Soil 

Location 

F  uv*> 

Lome 

Nstohei,  Miss. 

1.60 

Clay  silt  (loom) 

Prinootoa,  N.  J. 

4.77 

Billy  cloy 

Comp  Gruber,  Oklo. 

6.44 

Clay 

Houston,  Tex. 

6.64 

The  impulse  constant  V  has  also  been  found  to  be 
correlated  with  the  soil  density  and  the  eclsmic  veloc¬ 
ity.  Tho  degree  of  correlation  is  not  so  good  as  for  tho 


pressure  soil  constant  but  still  affords  a  rough  guide  • 
to  the  magnitude  of  the  expected  impulse.  The  rela¬ 
tionship  between  V,  p,  r,  and  k  with  e  probable  error  , 
of  approximately  ±33  per  cent  ie: 

if  =  l.lSpv  =  B.6p»Wt  (8) 

where  F  «*  toil  constant  for  impulse, 

i  “  soil  constant  for  pleasure  (Table  i), 
0  =  density  of  soil  (lb-sec*  per  in.*), 1 
c  =  velocity  of  seitmio  wave  propagation  hi 
in.  per  tee. 

It  is  obvious  that  such  correlations  can  be  no  better 
than  rongh  guides  to  the  transmission  qualities  of  the 
soiL  Nevertheless,  in  the  absence  of  any  better  taatv 
these  correlations  are  very  useful. 

Consequently,  equations  (6)  and  (7)  become: 

I  =  6.5ffT/>»iW»A-*'*,  («') 

and 

l  =»  #.5pWW»A-«'».  (7*) 

One  would  expect  tho  impulse  experienced  by  a 
mass: vs  target  to  be  approximately  twice  the  impulse 
in  the  incident  wave.  Experimentally,  this  ratio  it 
found  to  be  considerably  moro  than  2,  a  phenomenon 
that  bsx  been  explained  qualitatively.**  It  cornea 
about  tlirough  the  fact  that  tho  earth  agsinet  the 
target  may  be  left  with  a  more  or  leas  permanent  de¬ 
formation  which  nmy  exert  a  residual  pressure  of  long 
duration.  This  residual  pressure  in  the  toil  of  the 
wavs  is  included  in  integrating  ths  pressure  as  e 
function  of  time,  with  the  result  that  the  impulse  ie 
considerably  increased.  Thia  ratio  of  reflected  to  direct 
impulse  has  been  found  experimentally  to  avorage 
about  2.8  to  1,"  but  ie  subject  to  considerable  fluc¬ 
tuation,  since  a  relatively  slight  dcfloction  of  the 
target  will  relieve  this  residual  pressure  to  a  consid¬ 
erable  degree. 

Figure  0  shows  the  variation  of  impulse  with  dis¬ 
tance  from  a  1,000-lb  TNT  charge.  See  Data  Sheet 
3B3  of  Chapter  19  for  summary  of  data  on  impulses 
in  earth. 

^  Variation  of  Particle, Velocity 
in  Free  Earth 

The  maximum  particle  velocity  of  a  wave  is  closely 
related  to  the  p?ak  pressuro  of  tho  wave  through  the 
following  equation  (see  Chapter  13  for  further  die- 
cussion), 
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where# 

t 

P 


P 

*<P) 


=  the  particle  velocity  in  In.  per  eec, 
“pressure  la  pai, 

“  peek  pressure  in  pd. 


.  Ib  per  ca  la. 

the  toil  density  *  - - - , 

acc.  g  (in.  per  eec*) 

velocity  of  wave  propagation  hi  in.  per 
aec  aa  function  of  the  piurar*  [equa¬ 
tion  (1)]. 


It  the  stress-strain  curve  ia  of  the  form  indicated 
by  experiment  in  clay-eilt  eoil  then  the  particle  vake» 
Hy  can  he  expreaaed  as . 

Bit*  ...  i1M 

u  “  (W) 

where  h  =  toil  constant  for  pressure  In  pri  (Table#), 
A  =»  r/W •  (ft/tt*), 

(^). 

B  =  numerical  constant  which  has  the  thee* 
retical  value  of  0.7  for  this  particular 
stress-strain  curve. 

The  maximum  particle  velocity  measured  hy  Instro- 
menta  on  the  surface  of  the  earth  ie  complicated  hy  e 
general  yiolding  of  the  surface,  the  reflection  of  pree- 
aure  waves  from  the  surface,  and  by  the  presence  of 
surface  waves  that  are  necessary  to  sat:afy  the  bound¬ 
ary  conditions  at  the  surface.  These  effects  combine 
to  give  a  functional  form  to  the  empirical  expression 
for  this  quantity  that  la  somewhat  different  than  the 
derived  expression  above. 

In  e  particular  series  of  testa  these  empirical  re¬ 
sults  are: 

u»  =  7,050a**  -J-  8.25A-’  in.  per  eec,  (11) 

<4  «  3,200a-*  +  9.85a-’  ia.  per  eec,  (18) 

where  u»  is  the  tnuxiraum  horizontal  component  of 
the  radial  velocity  end  u.  ie  the  vertical  component. 
Since  the  components  differ  continually  ia  phase  end 
amplitude,  the  maximum  value  of  the  radial  velocity 
cannot  bo  found  by  a  simple  vector  addition  of  the 
components.  The  difference  of  tho  value  of  the  expo¬ 
nent  of  the  leading  torn  from  the  theoretically  de¬ 
rived  value  ia  ascribed  to  the  influence  of  the  surface 
effects  upon  the  wave  amplitude  and  rate  of  decay. 
This  assumption  lisa  not  been  .verified,  however,  be¬ 
cause  of  the  extreme  difficulty  of  measuring  the  par¬ 
ticle  velocities  at  appreciable  depths  bolow  the  surface. 
The  expressions  can  be  written  in  slightly  more  gen¬ 
eral  terms  since  the  average  density  and  soil  constant 
have  been  determined  for  the  region  in  which  these 
measurements  were  taken.  Here  p  0.00015  lh-aeo’ 
per  in.4  and  k  =  5,100.  Then: 

it* 

«*  =>  (1J3A-*  +  0.0015A-’)  in.  per  sec,  (13) 

it* 

u,  =  -y(0.B5A"*  +  0.0017A-’)  in.  per  sec.  (14) 
P 

Figure  7  shows  experimental  data  on  particle  veloo- 
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Flaunt  7.  Maximum  partial  velocities  In  earth  u 
function!  of  charge  distance  (C4  lb  TNT). 


ity  at  a  function  of  distance  for  64-lb  TNT  charge*. 

This  gmph  and  tho  empirical  formulas  give  the  ex¬ 
perimental  values  of  the  particle  velocity  at  the  surface 
resulting  from  the  cxplocioa  of  a  chargo  of  TNT 
buried  at  a  depth  of  2.117*  ft  beneath  the  aurfaco. 
Unfortunately,  no  data  exist  concerning  the  manner 
of  variation  with  depth  of  burial  of  tho  charge  or  with 
type  of  charge.  It  is  believed  that  these  quantities  are 
affected  by  the  depth  of  burial  in  somewhat  the  sarao 
manner  as  the  pressure,  since  there  *a  &  direct  theo¬ 
retical  relationship  between  preaeuro  and  particle 
velocity.  In  the  absence  of  measured  data  then,  ono 
would  apply  the  coupling  factors  and  explosive  factors 
to  the  particle  velocity  in  the  samo  wanner  as  fer 


pressure  in  order  to  obtain  the  most  probable  values 
for  conditions  other  than  those  for  which  the  data 
were  taken. 

The  theoretical  value  of  the  maximum  particle  ve¬ 
locity  is  appreciably  less  than  that  experimentally  de¬ 
termined  at  the  surface.  This  discrepancy  is  in  the 
right  direction  since  a  reflection  from  the  surface 
would  be  expected  to  give  the  surface  particle*  s 
higher  velocity  than  that  predicted  for  particle*  at 
depths  not  affected  by  surface  reflection*. 

U4  Variation  of  Particle  Acceleration 
l  in  Free  Earth 

An  extensive  series  of  measurement*  in  one  location 
gave  particle  accelerations  near  the  surface  resulting 
from  the  detonation  of  charges  of  TNT  buried  at 
depths  2.117*  that  can  be  expressed  by  the  empirical 
equation" 
k 

A,  = — -  (120A-4  +  OMk-  -f  0.04  A'*)  X  lO*4,  (>i) 

where  A ,  —  horizontal  or  vertical  acceleration  in  units 
of  gravity  (384  in.  per  6ec*), 
k  —  soil  constant  in  psi  (Table  6), 

P  53  soil  density  (lb-sec*  per  In.4), 

W  —  weight  of  explosive  charge  in  pounds, 

A  =  r/W», 

r  —  distance  from  the  charge  in  ft. 

This  experiment  also  showed  that  tho  variation  of 
acceleration  with  depth  of  burial  of  tho  charge  ia  the 
samo  as  the  variation  in  peak  pressure  so  that  the 
coupling  factor  derived  from  pressure  measurement* 
may  be  applied  to  particle  accelerations.  It  is  also 
inferred,  but  not  directly  shown  by  experimental  data, 
that  the  acceleration  varies  with  typo  of  explosive  in 
much  the  samo  way  as  does  tho  pressure,  so  that  the 
explosive  factors  for  pressure  enu  bo  applied  to  situa¬ 
tions  in  which  explosives  other  than  TNT  are  used 
(Table  4). 

The  acceleration  is,  of  course,  a  vector  quantity 
that  must  be  specified  in  direction  or  by  component* 
along  a  set  of  axes.  Experimentally  it  hoa  been  found 
that  at  the  chorgo  depth  used  the  horizontal  and  vor¬ 
tical  components  of  acceleration  ere  approximately 
equal  to  each  other  at  every  diotance.  Tho  angle  of 
emcrgenco  of  the  acceleration  vector  ia  consequently 
at  45  degrees  to  the  surface. 

Figure  8  shows  some  experimentally  obtained  val¬ 
ue!  of  acceleration  as  function  of  distance  for  61-lb 
TNT  charges  which  were  measured  in  tho  Oklahoma 
testa. 
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Tcn.v<t»  w.wiullk  " 

Ftacr*  A  Murimum  particle  accelerations  La  earth  aa 
(uncuu*  d  charge  distance  (04  Lb  TNT). 


Variation  o£  Particle  Displacement 
in  Free  Earth 

• 

The  displacement  of  the  particles  in  the  medium 
dun  to  the  passage  of  a  compression  wave  can  be  found 
by  integrating  the  strain  in  each  epherical  ehcll  over 
which  the  wavo  extends  at  the  moment  of  maximum 
displacement.  A  first  approximation  is  to  assume  that 
the  maximum  displacement  of  each  particle  occur* 
before  appreciable  negative  velocity  is  attained  by  the 
particles.  If  this  assumption  is  made,  tho  displace¬ 
ment  D  at  any  radiu*  r  U, 

D  =  [midr,  (16) 


If  ona  introduce*  the  empirical  pressure-distance 
and  itreaa-atxain  curve*,  it  is  possible  to  derive  an  ex¬ 
pression  of  the  following  form  for  the  maximum  dis¬ 
placement:  D 

*  “T*  <"> 


wh«r*\=*v/IFk, 

D  **  displacement  in  foet, 

IF  =  weight  of  charge  in  pounds, 
h  la  given  in  Table  8, 
r  =  distance  in  feet 


This  displacement  i*  presumably  In  a  radial  direction 
at  depth*  below  the  surface. 

The  experimental  values  of  transient  displacement 
derived  from  direct  measurement  and  from  integra¬ 
tion  of  the  particle  velocity-time  records  can  be  ex¬ 
pressed  by  the  following  empirical  equation: 

f>*  *  WitfMXr*  +  0.0018A"*)  ft  (horizontal),  (18) 
D,  =  TF»(1.06A-*  +  0.0027 A-1)  ft  (vertical).  (19) 


The  maximum  horizontal  and  vertical  displacements 
at  the  surface  are  not  necessarily  attained  simultane¬ 
ously  but,  except  at  the  greater  distances,  tho  displace¬ 
ments  are  approximately  in  phase.  Then,  approximate¬ 
ly,  at  the  near  distances  one  finds  tho  total  transient 
displacement  to  be 

Dr  =  4iy«A-*  ft  (20) 

The  value  derived  from  equation  (17),  taking  the 
average  value  of  fe  to  be  6,100,  turne  out  to  be: 

Z)r  =  2.16W»A-»  ft  (21) 

The  ratio  between  these  values  is  1.86,  which  In¬ 
dicates  that  the  assumptions  made  in  the  derivation 
are  probably  approximately  correct  This  rough  deri¬ 
vation  allows  one  to  make  estimates  of  tho  displace¬ 
ments  for  types  of  soil  othor  than  that  in  which  the 
present  measurements  were  made. 

Experiment  shows  that  the  permanont  horiroutsl 
displacement  is  approximately  one-third  the  maximum 
transient  displacement  given  by  the  equation  above. 
This  is  slightly  less  than  would  be  indicated  by  the 
stress-strain  curve,  but  again  the  effect  of  the  surface 
introduces  a  modifying  factor  so  that  diroct  predic¬ 
tions  from  the  stress-strain  curve  would  probably  bs 
somewhat  in  error. 

If  the  dependence  of  displacement  cn  the  numerical 
.value  of  l-i  [equation  (17)]  is  accepted,  then  a  plot 
of  A  vs  (D/1F*)  (1/it)  cau  bo  made  which  would  allow 
estimates  of  displacement*  in  aoila  with  different 
values  of  i.  Such  a  plot  ia  shown  in  Figure  9  with 
horizontal  and  vertical  component*  shown  separately. 
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3-“  Crater  Size* 

The  size  of  tho  crater  prod  uccd  by  a  buried  charge 
has  been  shown  experimentally  to  be  much  less  sen- 
sitive  to  type  of  soil  and  land  of  explosivo  than  to 
the  depth  of  burial  of  tho  charge.  The  c&ct  mecha¬ 
nism  of  crater  formation  is  not  understood  well 
enough  to  allow  any  theoretical  predictions  to  be  made 
concerning  the  factors  governing  tho  cizc,  but  it  ha# 
been  demonstrated  quite  conclusively  that  the  model 
law  is  obeyed  and  that  predictions  of  size  based  on 
empirical  data  are  reasonably  reliable.  (See  Data 
Sheets  3B1  and  3Blo  of  Chapter  19  for  diameters  and 
depths  of  earth  craters.) 

The  crater  sizo  can  bo  considered  to  be  equal  to 
tho  product  of  an  explosive  factor  E'\  of  a  depth  fac¬ 
tor  C,  of  a  soil  factor  k"  (which  equals  1.3hv,,)> 
and  of  the  cube  root  of  tho  charge- weight,  IF*. 

The  radius  of  the  crater  in  feet  is  then 

tf(ft)  =  l.SCEHkvltWK  (22) 

The  explosivo  factors  E"  for  some  military  explo¬ 
sives  are  given  in  Table  8.  Tho  factor#  are  ratios  of 
the  radius  of  crater  produce-1  with  the  given  explo¬ 
sive  to  the  radius  of  crater  produced  by  TNT. 


Fionas  10.  Depth  fr-'.or  for  cratering  by  explosives. 


The  depth  factor  (Figure  10)  varies  over  &  wider 
range  than  do  the  others.  It  displays  a  maximum  value 
at  a  chargo  depth  of  approximately  21F*  ft,  descend¬ 
ing  quite  sharply  toward  zero  as  the  charge  depth 
approaches  zero.  The  decline  with  increasing  chargo 
depth  beyond  the  optimum  is  slower,  but  an  extra¬ 
polation  of  the  measured  part  of  the  curve  indicater 
that  at  about  filF*  ft  the  crater  radius  approaches 
zero  with  the  formation  of  a  camouBet. 

Figure  11  shows  types  of  craters  and  the  approxi¬ 
mate  dimensions  that  might  be  expected  from  the 
explosion  of  a  500-lb  bomb." 


ruxovmT. 


depth  or  vvft 
i>oub  *r  .  of_ 
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Fiouae  11.  Shapes  sod  ibes  of  craters  and  camouflcts 
for  500-!b  GP  bombs. 
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Tabu  A.  Cuter  udlua  m  a  function  at  lyp*  at 
exploedv*  (r»tios  to  TNT  craters). 


Expioaivt 

K"  -  CRx 
*  CRtwt 

TNT 

1.00 

Amatol 

aw 

Comp.  B 

ixa 

Tritons! 

Ul 

Minot 

u« 

HBX* 

u* 

*A7  Comparison  of  Explosive* 

.  The  orders  of  effectiveness  of  different  types  of 
explosives  for  the  production  of  various  underground 
effects  have  been  given  in  various  tables  throughout 
the  report,  but  it  may  be  desirable  to  collect  these  re* 
suits  in  one  paragraph  for  convenient  reference.  Such 
comparison  is  given  in  Tables  9  and  10  where  the 
values  of  peak  pressure,  impulse,  crater  radius  and 
crater  volumo  for  the  various  explosives  are  compared 
to  those  for  TNT  at  the  same  distance  and  depth  of- 
burial  of  the  charge.  Tho  standard  deviation  of  these 
ratios  is  approximately  5  per  cent 
The  comparison  in  Table  9  is  on  the  basis  of  equal 
weights  of  the  explosive  charges.  I!  the  comparison 
ic  made  for  equal  volumes,  slightly  different  values, 
which  are  shown  in  Table  10,  are  obtained  because  of 
the  different  densities  of  the  explosives.  For  eorapari* 
eon  of  effectiveness  of  bomb  fillings,  for  example, 
where  the  volume  is  fixed,  the  comparison  on  an  equal* 
volume  baais  is  move  useful. 


u  DAMAGE  TO  BURIED  CONCRETE 
STRUCTURES 

From  a  military  standpoint  the  physical  phenomena 
in  the  medium,  the  laws  of  propagation,  etc.,  are  all 
subordinate  to  the  degree  of  damage  that  will  be  pro* 
dared  under  a  given  set  of  circumstances.  The  solo* 
Hi  on  of  this  problem  requires  that  satisfactory  answer*  • 
be  obtained  to  two  principal  questions:  (1)  what  arw 
the  magnitudes  and  durations  of  the  forces  acting  ou 
a  structure  and  (2)  what  are  the  *  Sects  of  such  forces 
on  r  particular  structure  ?  These  are  extremely  knotty 
questions,  both  of  which  involve  a. detailed  knowledge 
of  the  behavior  of  structures  under  impulsive  loads. 
The  first  and  principal  part  of  this  chapter  is  con* 
cerncd  with  the  task  of  acquiring  answers  to  the  first 
of  these  two  questions,  and  it  is  evident  that  no  lees 
effort  must  be  spent  on  the  answer  to  the  second 
question.  Some  of  these  question*  are  treated  in  Chap* 
ter  IS  of  this  volume.  It  it  obvious  that  a  complete 
answer  would,  in  the  limit,  involve  experiments  w'  h 
every  conceivable  type  of  structure  which  is,  of  coy  .we, 
an  impractical  procedure.  It  is  equally  obvious  that 
some  type  of  structure  must  bo  investigated  experi¬ 
mentally  in  order  to  be  able  to  make  any  predictions 
that  are  based  on  other  than  theoretical  evidence. 

*-M  Description  of  Programs 

Two  types  of  dantago  experiments  were  made.  In 
the  first  of  these,  charges  were  detonated  at  distances 


Tabu  0.  Comparison  of  explosives  (equal  weight*,  equal  dUUnoo*). 


Peak  pressure  of  X 

Impulse  of  X 

Crater  radius  of  X 

Cuter  volumo  of  X 

Explosive 

Peak  pressure  of  TNT 

Impulse  of  TNT 

Crater  radius  of  TNT 

Cuter  volume  of  TNT 

TNT 

1.00 

1.00 

1.00 

1.00 

Amatol 

1.04 

1.04 

0.98 

0.96 

Comp.  B 

1.04 

0.97 

1.C3 

1.07 

Tri  tonal 

1.17 

1.27 

1.11 

1.39 

Mlaol 

1.34 

1.39 

1.14 

1.47 

HBX  9 

1.39 

1.60 

1.16 

1.61 

Tab  lb  10.  Comparison  of  explosives  (equal  volumes,  equal  dlstanoe*). 

Peak  pressure  of  X 

Impulse  of  X 

Crater  radius  of  X 

Crater  volume  of  X 

Explosive 

Pe&k  pressure  of  TNT 

Impulse  of  TNT 

Cuter  radius  of  TNT 

Cuter  volume  of  TNT 

TNT 

1.00 

1.00 

1.00 

1.00 

Amatol 

1.08 

1.09 

0.99 

0.97 

Comp.  B 

•  1.12 

1.06 

1.04 

1.14 

Tri  tonal 

1.33 

1.47 

1.16 

1.66 

Minol  2 

1.44 

1.61 

1.17 

1.60 

HBX  2 

1.49 

1.63 

1.18 

1.63 
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from  reinforced  concrete  target*  greater  than  os* 
crater  radivi;  end  the  pressures,  acceleration*,  reloc- 
itiee,  end  displacements  on  the  target  face  and  in  free 
earth  were  recorded  while  the'  target  damage  was 
measured.  In  the  other  series  of  tests,  charges  were 
detonated  in  contact  with  the  walla  of  buried,  rein¬ 
forced  concrete  structures.  No  transient  effects  were 
measured.  Damage  was  recorded  and  correlated  with* 
size  of  charge  and  thickness  of  walk 

Dahaqs  most  Noncontact  Ceasosa 
The  great  variety  in  fortification  structures  makes 
it  impossible  to  select  a  typical  target  for  study.  Con¬ 
sequently,  it  wss  decided  to  use  a  target  that  would 
represent  a  structural  element,  rather  than  a  complete 
structure.  It  was  believed  that  the  results  obtained 
would  in  this  case  be  more  definite  and  at  the  same 
time  more  susceptible  to  theoretical  analysis.  If  this 
turned  out  to  be  true,  then  extensions  of  the  analysis 
to  more  complex  structures  would  be  practical.  The 
structure  finally  selected  for  study  after  an  extensive 
series  of  preliminary  tests  at  small  scale  on  various 
structure  types,  was  essentially  a  reinforced  concrete 
box  with  open  top  and  bottom,  represented  in  Figure 
12.  The  front  and  back  were  of  different  thicknesses, 
the  latter  being  two-thirds  of  the  front  thickness.  The 
aide  walls  were  cf  equal  thickness  and  0.42  it  thick 
as  the  front.  Theso  targets  were  built  in  five  sizes  or 


Fiona  12.  Dimensions  of  scaled  oonoreU  .argeta. 
a  ft  268  i  ft  17.68 

b  ft  258  i  ft  43 

o  ft  23  k  ft  12.68 

f  ft  38  I  ft  88 

h  ft  88  a  ft  12.88 

Gauge  positions  Is  rear  symmetrical  with  front. 


scales,  namely,  0  J,  0.4, 0.8, 0.8,  and  1.0,  the  last  being 
the  so-called  full-scale  target,  intended  for  use  with 
a  1,000-lb  charge.  The  reason  for  the  large  number 
of  sizes  was  to  determine  whether  or  not  a  scale  effect, 
or  consistent  variation  of  effect  with  sue  of  target 
could  be  found.. The  absence  of  such  an  effect  would 
make  the  use  of  small,  inexpensive  targets  practical 
and  reliables 

In  all,  16  targets  of  the  OJt  scale,  nine  of  the  0.4 
scale,  three  of  the  0.6  scale,  seven  of  the  0.8  scale, 
and  seven  full-ecale  were  constructed  and  tested.  The 
magnitude  of  this  project,  which  was  carried  out  by 
the  Tulsa  District  of  the  U.  8.  Corps  of  Engineers,  cah 
be  visualized  when  it  is  realized  that  the  full-ecale 
targets  were  2S  ft  ou  a  side  and  17  ft  ueep,  with  a 
front  wall  5  ft  thick  and  the  other  walls  in  proportion. 
The  bottom  of  the  target  was  25  fi  below  ground  level. 
The  reinforcement  of  the  full-ecale  targets  consisted 
of  a  two-way  mat  of  lYt  in.  square  deformed  bers  at 
15-in.  centers  in  each  faoo  of  the  front  wall  and  com¬ 
parable  reinforcement  in  each  of  the  other  walla  The 
average  compressive  strength  of  the  concrete  used  was 
about  3,400  psi,  measured  on  6-in.  cylinders.  More 
detailed  information  on  target  characteristics  and  re¬ 
sulting  damage  are  given  elsewhere.** 

On  each  target  there  were  mounted  three  piezo¬ 
electric  pressure  gauges  on  the  front  faco  and  one  on 
the  rear  face,  by  means  of  which  pressures  were  de¬ 
termined  as  functions  of  time.  It  was  found  that  the 
pressure  exerted  on  the  front  face  of  such  a  structure 
is  approximately  twice  that  measured  in  free  earth 
at  the  same  distance,  and  that  the  impulso  per  unit 
area  is  approximately  2.8  times  that  in  free  earth. 
The  fact  that  impulse  ia  more  than  doubled  (one 
would  normally  expect  more  nearly  exact  doubling) 
is  believed  to  be  due  to  the  packing  of  the  earth  sgainst 
the  front  face  of  the  target,  resulting  in  a  more  sus¬ 
tained  application  of  pressure  than  in  free  earth  at 
the  some  distance. 

Thus,  the  pressure  and  impulse  per  unit  area  on  a 
massive  target  in  earth  can  he  represented  by  tha 
following  expressions,  provided  normal  explosives  are 
used  at  depths  of  the  order  of  2TF*  and  at  distances 
from  the  target  between  STF*  end  151F*,  both  in  feet: 

P,  =  21 EX'*,  (23) 

/,  =  15p‘A»ff,W»A-*'».  (24) 

In  the  above  equations  P,  and  I,  are  the  reflected  peak 
pressure  and  impulse,  k  is  the  soil  constant  for  pres¬ 
sure  (Table  5 ),  E  and  E*  are  explosive  factors  for 
pressure  and  impulse  respectively  (Tables  6,  8, 9, 10), 


CONFIDENTIAL 


DA'iAGK  to  buried  concrete  structures 


X  it  r/W*  (r  it  distance  in  feet;  W  it  charge- weight 
in  pounds),  p  it  density  of  earth  in  Ib-tee*  per  in.4 
and  averages  0.00015. 

The  term  damage  it  qualitative  and  not  eutceptible 
to  very  definite  measurement  A  number  of  poesible 
measure*  of  damage  were  contidered ;  among  these  the 
moat  significant  are  the  total  width  of  cracks  in  the 
front  face  and  the  amount  of  permanent  bending  of 
the  front  face.  Both  of  these  were  uted  at  measures  of 
damage  to  the  targets. 

The  testing  procedure  was  to  detonate  a  charge  at  a 
predetermined  distance  from  the  front  target  wall, 
and  to  measure  the  crack  widths  and  deflections  of  the 
front  face,  the  pressure  and  impulse  on  the  front  faot, 
and  the  acceleration  given  to  the  target.  Simultane¬ 
ously,  pleasure,  impulse,  acceleration,  and  displace¬ 
ment  were  measured  in  free  earth  on  the  side  of  the 
charge  opposite  the  target  Since  the  target  ie  more  or 
less  damaged  at  every  shot,  it  is  apparent  that  only  ana 
set  of  measurements  can  be  made  on  one  target  and 
that  several  targets  must  be  used  in  order  to  obtain 
damage  as  a  function  of  distance. 

Dakaok  vbou  Contact  Explosions  in  Eabth 

At  the  end  of  the  test  program  described  above  tha 
undamaged  walls  of  the  targets  used  in  it  were  sub¬ 
jected  to  contact,  earth-backed  explosions.  In  addition, 
a  series  of  tests  on  specially  constructed  targets  was 
made  at  the  saue  time.  The  latter  tests  were  made  at 
four  scales  on  hollow  reinforced  concrete  box  strut* 
t.-res  with  floors  and  roofs.  The  scales  were  0.2,  0.37, 
0.63,  and  1.0.  Three  0.2-scale  structures  were  built 
and  one  each  of  the  other  sizes.  The  full-scale  target 
was  47x47  ft  in  plan  and  28  ft  l.igh.  Its  four  walla 
were  respectively  10,  11,  12.3  and  13.5  ft  thick.  The 
roof  thickness  was  9.5  ft  and  the  floor  thickness  4.75 
ft.  The  other  targets  were  in  proportion.  Reinforcing 
steel  waa  arranged  in  mats  and  amounted  to  about  75 
lb  per  cu  yd.  Concrete  strength  was  3,400  psi.  The 
earth  was  excavated  to  about  one-third  the  height  of 
target  and  back-llllcd  against  the  structure  to  its  full- 
height  after  construction.  The  full-scale  structure  was 
exposed  to  the  effect  of  2,000-lb  gtneral-purpos a  [OP] 
bombs  (1,080-lb  charges)  exploded  in  contact  at  the 
center  of  each  side.  Underfloor  explosions  were  also 
tried. 

After  each  test  the  dimensions  of  cracks  and  the 
area  of  interior  surface  scabbing  were  recorded.  From 
the  latter  it  was  poesible  to  determine  tho  so-callod 
scabbing  limit  of  concrete  walls  subjected  to  contact 
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explosion  with  earth  hacking.  A  more  complete  dis¬ 
cussion  Is  gives  elsewhere.** 


UJ  Representation  of  Reaulta 

D AKA  OS  TOOK  NonOONTACT  CkABOM 
The  results  of  this  series  of  tests  are  best  repressntad 
in  a  dimensionless  plot  showing  either  front-face  crack 
width  c  or  front-face  deflection  X»  divided  by  a  quan¬ 
tity  of  the  same  dimension,  such  as  TV*,  as  a  fun 
of  the  important  independent  variables,  namely 
distance  from  charge,  a  factor  characteristic'  ol 
soil,  and  factors  characteristic  of  the  target  The 
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Fiona*  13.  Total  width  of  front  wall  cracks  as  function 
of  distance  and  sin*  of  crater.  Crack  width  In  inch** 
X  10*,  weight  in  pounds,  distant*  la  fee*.,  fc  ej  In  Table  5. 
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important  characteristic  soil  factor  is  k  (Table  5). 
The  charge  distance  is  best  expressed  as  A  =  r/WK 
Figures  13  and  14  give  the  results  obtained  in  this 
series  of  tests.  The  first  shoes  c/kW*  as  function  of 
A.  Note  that  o  is  the  total  crack  width  in  inches,  and 


Fronts  14.  Pcrou.r.ent  front  well  deflection  u  function 
of  distance  and  site  of  chsrso.  Deflection  In  Inches  X  10*, 
weight  in  pounds,  disUnoe  in  feet,  k  as  in  Table  5. 

that  i  is  the  soil  constant  for  pressure  (Table  5).  The 
other  figure  gives  Xt/kWl  as  a  function  of.  A.  It  is 
significant  that  there  appears  to  bo  no  consistent  de- 
viation  with  target  scole.  This  indicates  that  target 
damage  obeys  the  model  low  and  that  small-scale  tests 
can  be  used  for  predicting  the  effects  on  full-sized 
structures.  Straight  lines  have  been  fitted  to  these 
poiut3  by  least  squares.  In  Figure  13  the  slope  of  the 
lino  of  best  fit  ia  —4.52,  and  with  95  per  cent  con¬ 


fidence  its  slope  lies  between  —  3.85  end  —  5.19.  Thi* 
indicates  that  peak  pressure  is  not  the  principal  dam¬ 
aging  factor  since  that  varies  approximately  ss  the 
inverse  cube  of  distance.  The  solid  line  shows  the  least 
squares  fit  and  has  the  equation 


«  A -*•* 

kW r  250 


<**> 


Similarly,  the  straight  line  ox  Figure  Id  has  the  equa¬ 
tion 


X  A**-* 
kifi  300* 
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A  theoretical  analysis  of  the  behavior  of  the  struc¬ 
tures  tested  bat  been  made  and  is  discussed  in  tha  fol¬ 
lowing  section  of  this  chapter  and  in  Chapter  15, 
Section  15.5.2. 


Tuli  11,  Damage  categories  for  5-ft  wall  of  box  itruo* 
turn  and  oo;reu  pending  distance*  of  1,0004b  charge 
in  earth  for  whloh  k  -  5,000  (Table  5). 


Damage 

Crack  wid& 
(inches) 

Cbarge  distance 

X 

Charge  distance 
(crater  radii) 

Heavy 

5  ' 

2 

.  » 

Moderate 

1 

3.5 

1.5 

light 

0.1 

5 

2.5 

Three  categories  of  damage  have  been  defined  for 
tho  6-ft  reinforced  concrete  wall.  Thcso  definitions  in 
terms  of  crack  width  are  shown  in  Table  11,  together 
with  the  corresponding  distances  of  1,000-lb  chargoa, 
assuming  that  the  structure  and  the  soil  sre  similar  to 
those  of  the  present  series  of  tests.  When  this  is  not 
the  case,  use  must  be  made  of  Weapon  Data  Sheet 
6A5  of  Chapter  19  or  of  an  analyoia  corresponding  to 
that  discussed  in  Chapter  15. 


Contact  Charges 

From  tho  investigation  of  tho  effects  of  eorth- 
backed  contact  explosions  on  reinforced  concrcto  walls 
that  were  made  at  the  eume  time,  it  was  ..occluded 
that  the  scabbing  limit,  or  thickness  at  which  scabbing 
of  the  far  surface  of  a  wall  barely  occurs  in  case  of  a 
Contact  earth-backed  oxplosion,  is  given  by  tho  follow¬ 
ing  expression 

T  -  1.4W»,  (37) 

where  T  is  wall  thickness  in  feet  and  IK  is  charge- 
weight  in  pounds. 

J.74  Theories  of  Dam  e ga  to  puried 

Structures 

There  is  a  simple  theory  for  predicting  tho  extent  of 
damage  to  a  buried  structure  when  exposed  to  a  near- 
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by  explosion  in  earth."*  In  this  approach  it  is  u- 
rained  that  tha  impulse  acting  on  the  front  fact  of  the 
target  puts  it  into  potion.  The  velocity  of  motion  is 
proportional  to  the  total  impulse  divided  by  the  mass 
of  the  front  face.  The  kinetic  energy  of  the  front  face 
can  then  be  computed.  A  fraction  of  this  energy  is 
•ttanmad  to  be  used  in  causing  plastic  deformation  of 
the  front  wall;  from  this  the  amount  of  bending  and 
the  width  of  cracks  in  this  wall  can  he  calculated.  At 


two  points  in  this  analysis  undetermined  proportion¬ 
ality  factors  are  introduced.  These  can  be  combined 
into  a  single  factor  whose  magnitude  can  be  found 
from  experiment  and  must  be  assumed  to  remain  tha 
«ma  in  other  situations.  This  method  gives  a  relation 
between  crack  width,  A,  charge-weight,  and  soil  con¬ 
stant  that  is  of  approximately  the  same  form  as  equa¬ 
tion  (%6),  namely, 


AH'*  S  * 


(28) 


where  Q  ia  a  constant,  the  utilitatton  factor,  to  be  de¬ 
termined  experimentally.  The  value  of  k  ie  given  in 
Table  6.  The  strength  factor  8  is  given  hy  tha  expres¬ 
sion 


8^ 


2od*N«rlF» 

LB 


(29) 


where  a  is  the  thickness  of  the  target  wall  in  inches,  d 
is  tha  diameter  of  reinforcing  bara  in  the  target  in 
inches,  N  is  the  number  of  bars  in  one  wall  that  are 
stretched  by  the  deformation  of  that  wall,  <r  ia  tha 
yielding  stress  of  the  reinforcing  steel  in  pai,  L  is  the 


horitontal  span  of  tha  wall  in  inches,  and  H  is  it* 
vertical  dimension  in  inches.  In  order  to  make  equation 
(28)  agree  with  equation  (25)  Q  must  equal  0.06. 
From  the  way  in  which  equation  (28)  waa  derived,  this 
indicates  that  the  crack  width  is  only  6  per  oent  of 
what  it  would  be  if  all  tha  impulse  in  the  pressure  wave 
were  need  to  produce  plastic  deformation. 

It  should  be  pointed  cit  that  measurements  of  pres¬ 
sure  and  impulse  have  not  been  made  ch>6er  to  tho  ex¬ 
plosion  than  correspond  to  A'—  2  or  3.  Consequently, 
any  attempt  to  develop  an  analysis  baaed  on  these 
measurements  must  rocognize  this  limitation  on  its 
applicability.  It  appear*,  in  fact,  that  for  very  near 
or  contact  charges  the  damage  does  not  follow  tha 
same  law  that  would  be  predicted  from  the  effects  of 
explosion*  beyond  one  crates'  radius.  This  ia  well  illus¬ 
trated  in  the  curves  of  Data  Sheet  6A5  of  Chapter  19, 
shich  are  almost  horizontal  in  tha  region  of  small 
charge  distances. 

Because  the  utilization  factor  Q  ia  so  small  in  thia 
case  there  is  considerable  uncertainty  when  equation 
(28)  is  applied  to  any  situation  that  differs  very  much 
in  respect  either  to  soil  characteristics  or  to  structural 
characteristics  from  the  testa  that  have  beon  made. 
For  thia  reason  it  seemed  desirable  to  make  a  some¬ 
what  more  elaborato  analysis  with  the  hope  that  a 
closer  correlation  between  its  predictions  and  the  mea¬ 
sured  effects  might  be  attained.  Such  an  analysis  waa 
mode  but,  unfortunately,  not  in  time  to  appear  in  any 
published  report;  consequently  it  appears  in  Section 
15.5.2  to  which  reference  should  be  made.  Thia  analy- 


Tania  12.  Tabulation  of  constants  for  various  soils. 


Sell  typs _ _ 

Top  soil  (light  dry! 

Top  soil  (uiniat,  loamy  silt) 

Top  ecil  (deyey) 

Top  soil  (somlcousoiidated  sandy  day) 
Wet  loam 

Clay  (deueo  wot,  depending  on  depth) 

Rubble  or  gravel 

Cemented  sand 

Water-aaturated  sand 

Band 

Sand  olay 

Cameutcd  sand  olay 
Clay,  clayey  candstona 
Loco*  rock  talus 
Weather-fractured  rock 
Wcither-fraatumi  shale 
Weather-fractured  sonde  to  na 
Granite  (ellghtly  seamed) 

Llmcatons  (massive) _  _ 


SelamJo  velocity  Boll  oonatant 

(fps)  *  (p»i) 


min 

max 

min 

m&x 

600 

000 

262 

690 

1,000 

1,800 

812 

1,370 

1,300 

2,000 

1,420 

3,870 

1,250 

2,i50 

1,610 

4,160 

♦  •  •  * 

2,600 

eat. 

6,600 

3,000 

5,900 

8,860 

34,100 

1,970 

2,600 

e,400 

11,100 

2,800 

3,200 

9,700 

12,600 

4,600 

a  a  a  a 

22,600 

4,600 

8,400 

26,200 

87,000 

8,200 

8,800 

10,000 

13,000 

8,800 

4,200 

17,800 

21,700 

5,000 

a  a  a  a 

46,000 

i,25t> 

2, SCO 

1,760 

7,000 

1,500 

10,000 

3,100 

140,000 

7,000 

11,000 

63,000 

166,000 

4,250 

9,000 

23,600 

116, COO 

•  eat 

10,600 

a  a  a  e 

160,000 

16,400 

20,200 

300,000 

69Q.COO 
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ala  differs  from  the  one  that  h&a  been  described  in  that 
the  pleasure  polae  ia  aaanmad  to  continue  daring  a 
Urge  part  of  the  deflection  time  of  the  target  vail. 
The  wall  ia  assumed  to  be  deformed  continuously,  at 
the  same  time  exerting  a  force  on  the  remainder  of  the 
structure  which  ia  pushed  backward  thereby.  The  in¬ 
ertia  and  passive  xesistanca  of  the  earth  behind  the 
rear  wall  of  the  structure  are  considered  at  well  aa  the 
possibility  of  simultaneous  plastic  handing  of  tha  rear 
wall 

m  RECOMMENDATIONS  FOR 
FUTURE  WORK 

Much  remains  to  be  done  on  both  experimental  and 
theoretical  aspects  of  underground  explosion  phenom¬ 
ena.  The  importance  of  these  problems  ia  very  great, 
inasmuch  as  future  protection  of  critical  installations 
from  high  explosive  and  atomic  bomba  will  almost  cer¬ 
tainly  involve  burial  in  the  earth.  A  knowledge  of  the 
factors  that  affect  damage  to  possible  targets  exposed 
to  the  effects  of  possible  weapons  will  be  equally  im¬ 
portant  to  the  attacker  end  the  defender.  The  follow¬ 
ing  problems  appear  to  be  the  most  important : 

1.  Development  of  a  reasonably  reliable  and  simple 
theory  for  predicting  the  effect  •jI  an  explosion  in  free 


earth  and  on  a  structure.  In  particular,  this  should  bt 
applicable  at  great  distances  from  tha  charge,  since 
the  atomic  bomb  will  be  effective  at  vary  great  dis¬ 
tances.  Both  plastic  and  elastic  media  (earth  and 
rock)  ta»  t  be  considered. 

2.  Continuation  of  the  experiments  on  wave  propa¬ 
gation  that  have  been  diacnaaed,  with  particular  atten¬ 
tion  to  tha  following  questions:  (a)  the  propagation 
of  waves  in  rock,  (b)  the  propagation  of  waves  pro¬ 
duced  by  explosion  near  an  interface  between  rock  and 
earth  or  by  explosion  in  a  stratified  medium,  and  (c) 
tha  propagation  of  waves  at  large  distances  from  an 
explosion  occurring  at  a  relatively  small-scaled  depth 
in  earth  with  and  without  an  underlying  rook  stratum. 

8.  Continuation  of  the  experiment!  on  structural 
damage  that  have  been  discussed,  with  particular  at¬ 
tention  to  the  following  questions :  (a)  the  damage  to 
relatively  weak  structures  at  great  distances  from  an 
explosion,  (b)  the  damage  to  structure!  at  various 
depths  of  burial  instead  of  nearly  flush  with  the 
ground  rurfece,  as  in  the  teats  thet  have  been  made, 
(c)  the  relation  between  damage  to  complete  struc¬ 
tures  and  to  structural  elements.  (For  example,  less 
damage  would  be  expected  to  an  isolated  section  of  a 
tunnel  than  to  an  oqual  length  of  the  complete  struc¬ 
ture,  bec  iuse  of  the  difference  in  continuity.) 
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MXJZZLE  BLAST,  ITS  CHARACTERISTICS,  EFFECTS,  AND  CONTROL 


INTRODUCTION 


Doxnro  Would  Wik  II  medionroBbtr  guns  with 
wn  hiirh.  muzzle  velocity  tad.  rates  of  fin  von 


U  very  high  muzzle  velocities  and  rates  of  fin  van 
developed,  and  the  trend  continued  toward  an  increase 
in  these  properties.1  These  high-pressure  guns  wen 
at  first  used  for  defense  against  aircraft,  but  later  they 
were  adapted  for  use  in  direct  fin  against  armored 
vehicles  end  pillboxes.  Against  these  targets  the  guns 
were  fired  at  lov  elevations,  and  soon  offensive  end 
defensive  tactics  were  developed  which  required  dig¬ 
ging  in  the  gun  so  that  at  times  the  muxxle  barely 
cleared  the  ground. 

With  some  guns  that  saw  action  in  World  War  II 
the  mosaic-blast  problem  had  already  become  acute. 
On  land  the  blast  tore  up  the  ground  ahead  of  the 
munle  end  raised  great  clouds  of  dust  that  not  only 
obscured  the  target  but  also  revealed  the  guu  position 
to  the  enemy.  At  times  the  obscuration  problem  be¬ 
came  critical,  for  in  direct  fire  the  target  must  be  seon 
and,  when  the  target  is  a  moving  vehicle,  the  strike  of 
the  projectile  must  be  sensed.  A  high  rate  of  fire  is  a 
useless  luxury  when  the  gun  is  enveloped  in  a  cloud 
of  dust  At  sea,  where  the  decks  are  crowded  with 
high-velocity  guns  as  t  means  of  defenso  against  air 
attacks,  the  blast  effects  of  a  chip’s  own  guns  often 
produced  more  damage  than  that  inflicted  on  it  by 
enemy  action.  The  crews  were  injured  by  tho  cumula¬ 
tive  effects  of  the  blasts  and  structures  were  heavily 
damaged. 

As  muzzle  velocities  increase,  limitations  appear  in 
the  tactical  usee  of  high-pressure  weapons.  A  gun 
that  injures  its  crew,  tears  up  neighboring  structures 
with  great*  r  certainty  than  enemy  fire,  reveals  its  posi¬ 
tion  throuy  excessive  flash,  smoke,  and  dust,  while 
effectively  concealing  that  of  the  enemy,  obviously 
needs  something  to  tone  down  its  performance.  With 
the  development  of  new  types  of  weapons,  such  as 
rocket  projectiles,  it  would  seem  that  the  modern  high- 
pressure  gun  is  already  obsolescent  unless  something 
is  developed  to  suppress  the  violence  of  the  blast. 

The  only  attachments  that  have  been  used  to  any 
extent  in  controlling  blast  in  medium-caliber  guns  are 
muzzle  brakes  and  simple  cone  or  blunderbuss  exten- 


•Pertluent  to  War  Department  Projects  OD-154  and 
OD-160,  and  to  Navy  Projects  NO-144  and  NO-208. 


aions  to  the  muzzle  of  some  antiaircraft  guns  to  re¬ 
duce  the  intensify  of  the  flash.  Silencers  and  compen¬ 
sators  have  been  used  on  small  arms.  Munis  brakes 
are  not  intended  primarily  to  reduce  blast  effects  In 
the  neighborhood  of  the  muzzle.  They  were  originally 
devised  as  supplements  to  recoil  mechanisms,  though 
at  present,  when  the  design  of  recoil  mechanisms  of¬ 
fers  no  particular  difficulties  to  the  ordnance  engineer, 
muzzle  brakes  are  used  primarily  to  reduce  recoil  en¬ 
ergy  so  as  to  permit  the  mounting  of  high-pressure 
guns  ou  lighter  carriage* 

Although  work  he-  been  done  on  muzzle  brakes  in 
many  places  for  many  years,  the  Germans  were  the 
first,  during  World  War  II,  to  make  extensive  use  of 
them.  They  introduced  a  variety  of  muzzle  attach¬ 
ments  but  all  these  wore  eventually  supplanted  by  the 
familiar  2-baffie  brake  which  has  been  copied  so  ex¬ 
tensively  by  other  armies.  This  brake  is  a  simple, 
sturdy  unit  of  medium  efficiency.  The  British 
developed  high-efficiency  brakes  for  use  on  the  6- 
pounder  and  17-ponnder,  but  the  back  blaat  from 
these  brakes  was  too  severe  on  the  gun  crews,  and  they 
made  extensive  use  only  of  a  modification  of  ths 
German  brake. 

The  only  American  brake  put  into  the  field  in  mod¬ 
erate  quantities  was  the  M 2  brake  on  soma  of  the  later 
76-mm  guns  mounted  on  tanks  and  tank  destroyer* 
Little  thought  was  given  to  the  development  of  mussle 
attachments  until  late  in  World  War  II.  This  ltck  of 
interest  was  due  to  the  conviction  that  existing  recoil 
mechanioms  were  adequate  to  absorb  the  recoil  energy 
of  tho  high-pressure  guns.  No  great  attention  seems 
to  have  been  given  the  possibility  of  reducing  the 
weight  of  the  mount  through  the  use  of  a  muzzle 
broke,  and  great  objection  was  made  to  the  blast  effect 
produced  toward  the  rear  of  the  gun  when  any  blast 
deflector  is  attached  to  the  muzzle.  Eventually,  gun 
crews  became  accustomed  to  the  back  blast  from  the 
M2  brako  on  the  76-mm  gun,  and  they  were  demand¬ 
ing  the  brake  principally,  it  seems,  because  ths  Ger¬ 
mans  were  using  it 

A  demand  arose  for  the  development  of  muzzle  at¬ 
tachments  when  it  was  observed  that  under  certain 
conditions  the  standard  type  of  brake  greatly  reduces 
obscuration  from  dust,  snd  some  who  had  not  felt  ths 
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need  of  a  brake,  a*  eucb,  advocated  its  sm  for  the  re¬ 
lief  of  tha  duat  situation.  Toward  the  end  of  World 
War  II  a  few  experimental  mounts  were  designed  in 
which  a  brake  was  an  integral  part  of  the  assembly. 

Early  in  1944,  at  the  request  of  the  Army  Gmood 
Forces,  Division  8  agreed  to  attempt  the  development 
of  a  muzzle  attachment  that  would  suppress  die  rais¬ 
ing  of  dust  Contracts  for  this  work  wens  given  to 
Princeton  University,  the  General  Electric  Company 
[GE],  and  the  California  Institute  of  Technology. 
At  the  beginning  it  was  decided  that  the  three  con¬ 
tractors  wero  to  work  on  different  phases  of  the  proj¬ 
ect.  At  the  Princeton  Station  the  development  was  to 
be  attempted  of  a  light  attachment  that  could  replace 
the  standard  brake  as  a  field  modification  and  that 
might  possibly  give  immediate  partial  relief  from 
obscuration;  at  GE  a  correlation  was  to  be  attempted 
between  the  properties  of  high-pressure  transient  jets 
and  proper  sequences  of  steady-state  jeta,  a  high-pres¬ 
sure  steam  “g.m"  emptying  into  an  evacuated  dumber 
being  propped;  and  at  the  California  Inatituta  of 
Technology  the  basic  work  for  a  long-range  program 
was  projected  This  separation  of  the  project  was  not 
always  adhered  to.  For  instance,  while  the  steam  ap¬ 
paratus  was  being  assembled,  GE  engineers  con¬ 
structed  a  medium-pressure  .30-caliber  air  gun  on 
which  some  60  muzzle  attachments  were  tested  over  a 
dust  tabic.  This  turned  out  to  be  extremely  valuable 
in  arriving  at  conclusions  about  the  potentialities  of 
field  attachments. 

The  development  of  deflectors  for  tho  suppression 
of  dust  was  to  proceed  without  regard  for  tho  braking 
action  of  tho  attachments.  Soon  sftor  the  initiation  of 
theso  contracts,  Division  2  undertook  to  study  the 
properties  of  muzzle  brakea  at  iho  request  of  the  Ord- 
nanco  Department,  and  tho  contract  for  this  work  wag 
given  to  the  Franklin  Inotitute. 

As  part  of  the  muzzle-blast  investigations  under 
Division  2,  Princeton  University  Station  also  accepted 
a  contract  for  tho  rtudy  of  tho  characteristic*  of  higk- 
preasure  jets  by  the  iuterferomotric  method.  This  work 
was  undertaken  at  tho  request  of  the  Bureau  of  Ord- 
uanco  of  the  Navy. 

During  the  progress  of  these  investigations  it  haj 
became  apparent  that  recoil,  obscuration  from  dust 
and  smoke,  and  flash  must  bo  looked  upon  not  as  iso¬ 
lated  problems,  but  as  components  of  a  muzzle-blast 
problem  that  must  be  considered  in  the  design  of 
gvn  and  mount  assembly.  So  long  as  one  persists  in 
thinking  of  solutions  in  terms  of  appliances  which 


may  be  screwed  on  to  the  muzzles  of  existing  gun*  the 
blast  problem  presents  itself  as  •  series  of  problems 
with  more  or  less  incompatible  solutions.  For  instance, 
a  high-efficiency  brake  may  raise  a  great  deal  of  duat 
and  induce  flash;  a  good  diffuser  which  protecta  tba 
ground  from  tha  severity  of  the  blast  may  neverthe¬ 
less  lead  to  serious  obscuration;  or  a  deflector  that  is 
effective  in  reducing  obscuration  may  be  a  mediocre 
brake  and  induce  flash  in  a  normally  Cashless  round. 
Since  only  one  attachment  may  be  need  on  a  gun  at  a 
time,  t  more  or  less  incomplete  solution  of  only  one 
of  the  component  problems  may  be  obtained  or,  at 
most,  it  may  be  possible  to  obtain  only  a  small  overall 
improvement  in  some  group  of  blast  effects,  unless  tha 
drastic  changes  required  to  control  blast  aa  a  whole 
are  contc  mplated. 

The  simplest  problem  portaining  to  muzzle  bleat  U 
that  of  the  muzzle  broke,  if  one  disregards  the  other 
blast  effects.  The  action  is  well  understood  and  it  is 
relatively  a  simple  matter  to  design  a  brake  of  high 
efficiency.  It  is  another  mattor,  however,  to  utilise  a 
high-efficiency  brake;  the  braking  action  that  may  be 
utilized  is  limited  by  the  back  blast  which  the  gnu 
crew  can  stand.  The  problem  of  the  utilization  of  high- 
efficiency  brakes  can  be  conjidoicd  as  the  problem  of 
rendering  the  deflected  jet  innocuous.  This,  however, 
is  the  problem  of  the  control  of  blast  u  e  whole,  for 
if  tho  deflected  jet  is  made  harmless,  the  blast  of  the 
gun  is*  reduced  to  that  of  the  weakened  residual  jet 
The  piping  of  the  deflected  gases  through  ducts  paral¬ 
lel  io  the  gun  tube  to  where  they  con  be  expelled 
harmlessly  to  the  rear  of  tho  crow  or  up  ovor  the  car¬ 
riage  presents  no  difficult  engineering  problems.  The 
groat  problem  that  has  been  encountered  is  in  tho  de¬ 
velopment  of  a  deflector  that  reduces  the  forward  jet 
to  the  magnitude  where  the  superstructure  is  justifi¬ 
able.  1 

The  necessity  for  morting  to  extreme  measures  in 
controlling  bloat  is  seen  in  the  failure  of  simple  at¬ 
tachments  to  reduce  blast  effects  satisfactorily.  With 
increasing  pressures  and  larger  calibers  the  partial 
results  now  obtained  become  even  less  obvious.  For 
instance,  a  diffuser  that  has  been  developed  which 
eliminates  the  flash  from  a  flashing  round  in  the  78- 
mm  gun  produces  no  obvious  effect  on  the  flash  of  a 
90-mra  gun. 

It  is  now  possible  to  construct  a  deflector  that  in¬ 
duces  the  residual  blast  to  that  of  on  extremely  low- 
pressuro  gun  and  that  controls  the  deflected  gases  to 
that  they  can  be  piped  backwards. 
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u  MUZZLE-BLAST  CHARACTERISTICS 

The  blast  that  follow*  thot  ejection  may  be  consid- 
ered  either  as  a  mild  ezploeion  or  aa  an  extremely 
high-pressure  tranaient  jet.  It  ia  a  mild  exploaion  with 
reapect  to  the  maaa  of  the  detonated  charge.  The  gae 
generated  by  the  homing  of  the  powder  expanda  «aa- 
aiderabty  in  the  gun  tube  and  loees  a  Urge  fraction  of 
its  energy  in  accelerating  the  projectile  to  nmole  Te¬ 
locity  before  it  U  released  into  the  atmosphere  at  shot 
ejection.  However,  the  gaa  atill  retains  a  great  deal  of 
energy  at  this  time.  At  the  muisle  it  is  moving  with 
the  velocity  of  the  projectile  under  a  pressure  of  COO 
to  1,000  atm  and  heatad  to  a  temperature  around 
1S00  K.  The  time  it  takea  the  gun  to  empty  ia  of  the 
order  of  magnitude  of  the  travel  time  of  tiis  projectile, 
about  6  msec  in  the  3-in.  gun.  Tho  moat  obvious  char¬ 
acteristics  of  tha  blut,  u  shown,  for  iuatance,  by 
spark  photographs,  art  a  strong  almost  spherical  air 
shock  and,  within  it,  the  greatly  expanded  jet  from 
the  mustle.  The  evolution  of  this  jet  ia  determined 
by  the  flux  of  gaa  out  of  the  inutile  and,  in  its  oarlieat 
stages,  by  tho  flight  of  the  projectilo  which  interferes 
with  its  formation;  and  the  flux  out  of  the  iuuzsie  U 
determined  by  the  state  and  velocity  distribution*  of 
the  gas  within  the  tube  at  shot  ejection. 

4JU  Motion  of  the  Gas  within  the  Tube 
after  Shot  Ejection 

The  problem  of  the  emptying  of  a  gun  is  tho  con¬ 
tinuation  of  the  classical  problem  of  intorior  ballistics 
that  begins  at  detouation  of  the  cliargo  and  enda  with 
shot  ejection.  In  some  respects  it  is  a  simpler  problem 
since  there  is  practically  no  burning  of  tho  powder 
and  the  gas  is  expanding  without  the  restraiut  of  tha 
projectile.  The  solution  of  this  problem  has  been 
placed  on  a  satisfactory  boats.1'1 

Figure  1  shows  typical  preasuro  and  velocity  curvoa 
during  the  principal  part  of  the  emptying  time. 
Curvoa  1  show  conditions  at  the  tirao  of  shot  ejection. 
Because  of  the  high  teraperaturo  the  velocity  of  sound 
in  the  gaa  behind  the  projectilo  at  shot  ejection  is  very 
high,  generally  higher  than  the  muzzle  volocitv,  so  that 
tho  sudden  pressure  drop  which  occurs  at  the  muzzle  ia 
propagated  back  against  the  stream  as  a  ware  of  rare¬ 
faction.  At  tho  muzzle  this  wave  moves  slowly  relative 
to  the  tube,  bat  it  acquires  speed  aa  it  reaches  the 
slower  moving  gas  witliin  the  tube.  Curves  2  and  3 
show  the  pressure  and  velocity  distributions  as  the 
rarefaction  front  moves  toward  the  breech,  this  front 
being  marked  b  and  c.  Curves  4  show  conditions  as  the 


rarefaction  front  reaches  tho  branch,  whore  it  Sa  re¬ 
flected  and  moves  forward  riding  tha  outflowing  gae 
until  it  cornea  out  at  the  morale.  Mott  of  the  emptying 
action  takes  plaoe  while  thle  rarefaction  front  i*  in 


tho  tube.  An  important  phcuomcncn  occuru  when  this 
front  emerges  in  tho  jet;  a  description  of  It  will  be 
glvon  after  the  jot  has  been  described.  In  tho  problem 
of  tho  blast  the  important  results  are  those  that  give 
Uio  outflow  of  the  gas  from  the  muzzle. 

Tho  Blast  Characteristics 
The  characteristics  and  evolution  of  tho  blast  ara 
known  qualitatively,  principally  through  apart  photo¬ 
graphic  studies  of  the  burst  from  small  arms  and  of 
high-pressuro  steady-stato  end  transient  jols.M 

Figuro  2  is  a  sketch  showing  the  relevant  features  of 
tlia  burst  from  a  caliber  .30  rifle  firing  ocrvice  am¬ 
munition.  The  sketch  is  based  on  a  spark  photograph 
takon  about  Vi  msco  after  shot  ejection,  when  the 
bullet  no  longer  interferes  with  the  blut 
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The  air  shock  that  envelops  the  Jet  is  marked  a.  The  As  the  gas  crosses  the  oblique  shock  e,  its  speed  is 
strength  of  this  almost  spherical  shock  is  greatest  in  checked  in  the  direction  perpendicular  to  the  chock 
front  near  the  bore  axis  and  attenuates  gradually  to*  surface  so  that  the  streamlines  are  violently  deflected 
vrard  the  rear.  As  ths  shock  front  recedes  from  the  toward  the  bore  aria  Most  of  the  gas  that  crosses  the 
muzsle  the  center  of  the  surface  moves  forward  along  shock  e  also  goes  through  the  oblique  shock  *,  where 
the  bore  axi*  because  the  surface  elements  where  the  the  streamlines  are  deflected  away  from  the  bore  axis; 
shock  strength  is  greater  recede  taste.  A  typical  streamline  that  crosses  these  sharia  in 


Fiouar  9.  Blast  from  ,30-csllber  rifle  (from  ipuk  photograph  taken  H  msec  after  election). 


The  expansion  of  the  jet  takes  place  in  tho  region 
marked  b,  which  has  been  called  the  bottle.  This  bottle 
is  bounded  by  the  cylindrical  obliquo  shock  c  aud  the 
normal  shock  d.  Tho  gas  leaves  the  muzzle  with  the 
local  6pccil  of  sound  and  expands  freely  aa  if  there 
were  no  atmospheric  constraint  until  it  crosses  the 
shocks.  With iu  the  bottlo  the  velocity  of  the  gas  in* 
cresses  steadily  os  it  mores  sway  from  tho  muzzle  and 
becomes  highly  supersonic  before  entering  tho  shocks. 


marked  /.  The  stream  becomes  subsonic  on  crossing 
the  normal  shock  d.  The  (lotted  line  is  roughly  the 
boundory  of  the  supersonic  flow.  The  boundary  be¬ 
tween  the  relatively  slow-moving  gas  in  tho  region  h 
and  the  fast-moving  gaa  in  the  region  g  is  very  sharp¬ 
ly  defined  near  the  intersection  of  the  shocks. 

Surrounding  tho  jet  boundary  there  is  s  highly 
turbulent  shell  »  in  which  the  outer  lamina  of  gas 
mixes  with  the  outsido  air.  At  j  this  turbulent  mix- 
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log  region  form  a  itrong  annular  vortex  called  the 
mole*  ring  by  analogy  with  the  smoke  rings  blown 
out  by  smokere.  Thie  smoke  ring  is  a  vortex  in  the  jet 
and  need  have  no  smoko  in  it,  of  course;  when  it  does 
it  can  be  seen  clearly- 

In  the  region  i  dose  to  the  bore  axis  msy  be  seen 
snburned  powder  particle*  traveling  at  very  high 
speeds  as  indicated  by  their  bow  waves  and  wakes. 
Even  in  the  stage  of  the  burst  shown  by  this  ekctch  a 
few  of  these  particles  bresk  through  the  traveling 
shock  a  into  the  still  air  ahead. 

A  time  photograph  of  the  blast  taken  in  a  dark 
chamber  will  show  a  muazle  glow  at  t  and  a  glow, 
called  primary  flash,  in  the  region  tn  behind  tho  nor¬ 
mal  shock.  Neither  of  these  is  due  to  burning  of  the 
gases,  since  neither  of  these  two  regions  comes  in 
contact  with  the  air.  Muzzle  glow  and  primary  flash 
aro  observed  even  when  the  gun  empties  into  a  nitro¬ 
gen  atmosphere.  The  same  chango  in  composition  of 
tho  gases  taking  placo  within  the  tube  which  accounts 
for  mu»zlo  glow  also  accounts  for  primary  flash.  The 
action  ia  inhibited  as  the  gas  enters  the  relatively  cold 
bottlo  and  starts  again  aa  the  gas  enters  the  normal 
shock,  whore  the  temperature  rises  to  a  value  neer 
that  at  the  muzzle.  The  unbumed  powder  particles 
no  doubt  contribute  to  the  phenomenon  by  being 
heated  to  incandescence  in  going  through  these  re¬ 
gions  of  high  temperature.  The  burning  of  tho  powdor 
gases,  called  secondary  flash,  wliich  is  tho  principal 
element  of  tho  flash  in  medium-  and  large-caliber 
gune,  occurs  in  tho  turbulent  mixing  region.  It  begins 
in  the  forwurd  region  n  of  tho  smoko  ring  and  traveli 
backward  until  the  whole  turbulent  shell  is  involved. 
The  smoko  ring  continues  to  bum  m.  it  moves  forward, 
bo  that  a  time  exposure  of  the  burst  from  a  90-mm 
gun,  for  instance,  taken  at  night  produces  a  carrot* 
ahaped  fogging  of  the  plate  somo  3  tube  lengths  along 
the  bore  axis  and  1  tube  length  across. 

In  the  earliest  stages  of  tho  blast,  from  tho  timo 
of  shot  ejection  to  the  time  when  tho  projectile  is 
10  to  15  calibers  from  the  muzzle,  the  shock  a  takes 
on  a  variety  of  forms,  depending  on  tho  condition 
of  the  tube.  For  instance,  if  the  tube  is  worn  eo  that 
gas  leaks  past  tho  projuctilo  whilo  it  is  traveling  ia 
the  tube,  the  early  shock  has  the  form  of  the  outer 
surface  of  two  intersecting  spheres,  the  smaller  one 
ahead  of  the  bullet;  if  the  tube  is  new  the  shock  is 
open  ahead  of  the  projectile  and  does  not  close  until 
the  projectile  is  4  or  5  calibers  from  the  muzzle.  In 
any  case,  by  the  time  the  bluet  has  attained  the  stage 

i 


shown  in  figure  2,  the  shock  smooths  oat  into  A 
nearly  spherical  shape. 

The  jet  cannot  develop  its  characteristic  shape,  of 
course,  until  the  bullet  is  beyond  the  point  at  which 
the  shock  d  would  normally  occur  at  the  existing 
muzzle  pressure.  The  expanding  gaa  attains  extremely 
high  speeds  and  when  the  projectile  is  dose  to  the 
muzzle  a  shock  forma  at  its  base;  relative  to  the  g*a» 
the  projectile  travels  toward  the  gun  at  supertonio 
speed.  This  shock  eventually  detaches  itself  from  the 
base  and  becomes  the  shock  d.  In  the  .30-caliber  fir¬ 
ings  the  shock  becomes  steady  at  a  distance  of  about. 
15  calibers  from  the  muzzle.  This  distance  ia  marked 
A  in  Figure  2.  At  first  the  diameter  B  is  the  greatest 
diameter  of  tho  bottle  and  Is  equal  to  <4.  The  distance 
A  remains  constant  while  B  shrinks  until  B  =  0.5A. 
While  this  is  taking  place  the  maximum  diameter  of 
tho  bottle  drifts  toward  the  muzzle  and  attains  the 
Anal  value  0  =  0.7 A.  Beyond  this  point  the  bottle 
shrinks  without  appreciable  chango  in  shape.  Since 
the  rate  of  emptying  of  the  gun  is  greatest  at  shot  ejec¬ 
tion  and  attenuates  very  rapidly  at  first,  the  most 
damaging  fraction  of  the  blast  comes  out  before  the 
jet  has  attained  a  quasi-stationary  shape. 

Spark  photographs  record  only  sharp  changes  in 
prc3suro  and  density.  Small  density  changes  can  beet 
bo  observed  by  interferometry.  An  interferometer  is 
essentially  an  optical  system  that  splits  a  beam  of 
light  into  two  beams  and  recombines  them  in  such  t 
way  that  corresponding  points  of  the  two  beams  co¬ 
incide  finally.  The  interferometer  is  adjusted  to  give 
alternating  zones  of  interference  and  reinfoi  cement 
of  light  (fringes)  on  a  photographic  plate.  If  the 
density  of  the  medium  through  which  one  of  the 
beams  passes  is  altered,  a  shift  in  theso  fringes  is 
observed,  the  amount  of  the  shift  depending  on  ths 
density  change.  If  one  of  tho  beams  is  made  to  pass 
through  a  jet,  a  distorted  fringe  pattern  is  obtained 
from  which  tho  density  distribution  throughout  the 
jet  may  bo  computed.  A  number  of  methods  have  been 
developed  to  obtain  tho  density  distribution  from  the 
observed  fringo  shifts.  The  computations  are  laborious 
and  require  the  use  of  modern  mechanical  aids.1-' 

By  an  extension  of  the  results  so  far  obtained  on  jets 
of  moderate  pressures,  it  is  possiblo  to  draw  a  qualita¬ 
tive  picture  of  the  density  distribution  iu  the  jet  from 
a  gun.  Figure  n  >ows  this  distribution  at  two  sec¬ 
tions:  A  is  the  distribution  along  tho  bore  axis,  and  B 
is  that  at  a  section  through  tho  bottle  normal  to  the 
boro  axis.  Besides  the  fluctuations  indicated  behind 
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of  these  (tramline*  into  the  muzzle  is  indicated  by 
the  broken  linos  in  the  figure. 

Peek-blot  pressures,  o  measured  by  gauges  placed 
at  varying  distances  from  the  muzzle,  attenuate  uni¬ 
formly  with  distance  in  the  manner  characteristic  c f 
all  explosions.  The  raling  of  blast  pressure  according 
to  caliber  requires  a  knowledge  of  the  muxile  velocity 
and  the  etite  of  the  gas  in  the  tube  at  shot  ejection. 
The  Utter  ie  not  accurately  known  for  moat  guns. 
Figure  5  shows  the  results  of  scaling  the  blaat  re¬ 
corded  for  e  number  of  guns  to  .SA-caliber  scale.1* 


Fionas  3.  Density  distributions  in  Jet.  A.  Longitudinal 
distribution.  B.  Diametral  distribution. 

tho  shocks,  minor  fluctnations  are  observed  within  the 
bottle.  These  fluctuations  lead  to  the  waviness  of  the 
shocks  observed  in  spark  photographs  and  shown  in 
Figure  8. 

By  inserting  probes  into  the  jet  it  is  found  that 
the  streamlines  within  tire  bottle,  before  they  are 
deflected  by  the  oblique  shocks  and  in  the  regiona  not 
to''  near  tho  muzzle,  arc  practically  straight  and  oon- 
vorgo  in  a  point  on  the  bore  axis  close  to  tho  muzzle,’ 
as  shown  by  the  solid  lines  in  Figure  4.  The  extensiou 


Fiauas  4.  Streamlines  within  gas  bottle. 
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Fiodms  &  Attenuation  of  blast  pressures  with  distance 
( -fiO-caliber  aula). 


4U  The  Terminal  Rarefaction 

The  two  curves  marked  5  in  Figure  1  show  the  stats 
of  tho  gaa  within  the  tubo  just  before  the  rarefaction 
front  reaches  the  muzzlo  after  reflection  at  tho  breech. 
In  Figure  6A  the  pressure  curve  is  continued  along 
ttio  axis  of  tho  jet  and  beyond  the  normal  shock.  This 
shock  is  almost  stationary  relative  to  the  tube  but 
moving  upstream  with  a  relative  speed  determined 
by  its  strength.  The  rarefaction  front  will  meet  this 
shock  at  some  point  A.  What  happens  after  the  en¬ 
counter  may  be  a-en  by  referring  to  Figure  6B.  The 
top  diagram  shows  a  shock  and  rarefaction  wave  mov¬ 
ing  relative  to  the  still  gas  between  them.  The  rare¬ 
faction  front  has  a  velocity  o  doterminod  by  the  tem¬ 
perature  of  the  gas  into  which  tire  wave  advances  and 
the  shock  has  a  velocity  V  determined  by  this  tem¬ 
perature  and  tho  ratio  of  the  pressure  before  to  that 
after  it.  The  bottom  diagram  shows  conditions  after 
the  encounter.  Tho  rarefaction  wave  is  now  traveling 
through  the  liigher  pressure  gas  behind  tbs  shock 
with  a  velocity  <?  —  u,  and  tho  shock  now  moves  with 
velocity  where  au  are  the  local 
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particle  velocities,  aa  indicated  in  the  figure,  Because 
of  the  nonlinearity  of  tlie  flow  the  interaction  of  the 
two  ware*  it  not  very  timple,  but  roughly  it  may  be 
aaid  that  the  rarefaction  geta  through  the  ahock  with* 
out  changes.11  After  the  interaction  the 

bottle  attenuates  more  rapidly.***  The  rarefaction  it 
propagated  in  all  direction!  and  superpo***  the  veloc¬ 
ities  behind  it  throughout  the  neighborhood  of  the 
m  utile* 


B 

/jtnTM  0.  TerraloiU  rare  faction  ia  gun  A.  Proetur* 

distribution  before  emergence  of  rarefaction  front. 

B.  Inunction  of  shock  and  rarefaction  wave. 

u  BLAST  EFFECTS 

The  effocta  of  the  blent  near  the  muzzle  are  those 
of  a  mild  explosion  modified  by  the  axial  direction 
of  the  flow  of  gaa,  the  Interference  by  the  projectile 
with  the  Jet  in  the  early  etagea  of  tho  blast,  and  the 
retardation  of  the  outflow  of  gaa  by  the  length  of  the 
tube.  For  a  given  gun  and  type  of  projectile,  muzzle- 
blast  severity  increases  with  muzzle  velocity,  but  it 
is  more  accurate  to  consider  the  blast  os  a  function 
of  the  churge  weight,  the  projectile  weight,  aud  the 
ratio  of  the  length  of  the  tube  to  the  c&libor  of  the 


gun.  Muzzle-blast  effects  increase  with  Increasing 
charge  mesa  and  decrease  with  increasing  length  of 
tube,  although  increasing  the  tube  length  Increase* 
the  velocity. 

***  Recoil 

The  recoil  of  a  gun  is  due  to  the  backward  pressure 
of  the  gas  on  the  breech.  Recoil  begins  at  detonation 
of  the  charge  and  it  ended  by  the  action  of  the  recoil 
mechanism.  The  recoil  characteristics  of  a  particular 
gun  depend  principally  on  the  mount.  For  instance, 
the  S?-mm  antitank  gun  MS  recoils  SO  in.  whereas 
the  76-mm  gun  mounted  on  the  M18  vehicle  reooils 
only  IS  ia.  The  recoil  energy  of  a  gun,  however,  de¬ 
pends  on  the  same  quantities  that  determine  blast 
severity;  that  it,  on  the  charge  weight,  the  projectile 
weight,  and  tha  length  of  the  tube  in  caliban.  The 
recoil  energy  would  be  the  kinetic  energy  of  the  re¬ 
coiling  parts  after  the  emptying  of  the  gun,  if  those 
were  mounted  on  level,  frictionless  runnera  parallel 
to  the  bon  exit.  Recoil  energy  ie  usually  computod 
by  equating  the  momentum  of  the  recoiling  parts  to 
the  momentum  of  shot  and  powder  at  the  time  of 
shot  ejection ;  there  ia,  however,  an  increment  ui 
ergy  given  the  Tccoiling  parts  by  tho  pressure  on  the 
breech  during  the  emptying  of  the  gun  after  ahot 
ejection,  which  may  he  considerable  in  high-pressure 
guns.  Recoil  energy  is  most  simply  measured  by 
mounting  tha  recoiling  part*  on  a  free  swinging 
pendulum.4*111* 

The  reduction  of  recoil  energy  by  means  of  a  mns- 
tie  brake,  as  distinguished  from  tho  mere  reduction 
of  rocoil  length  by  a  recoil  mechanism,  dopends  on  the 
utilizablo  energy  of  the  blast;  that  is,  on  the  kinetio 
and  available  internal  energy  of  the  gas  as  it  comes 
out  if  the  muzzle. 

IXX  Blast  Damage 

Damage  to  structures  by  muzzle  blast  is  due  prin¬ 
cipally  to  tho  effect  of  the  sudden  bloat  pressure,  but 
close  to  the  muzzle  an  important  contributing  ele¬ 
ment  It  the  reversal  in  pressuro  that  accompanies  the 
terminal  rarefaction.  Near  the  muzzle  the  effects  of 
this  reversal  are  quite  obvious.  For  Instance,  on  firing 
a  3  gun  at  low  bore  heights  over  a  blast,  mat,  tho 
pins  that  hold  down  the  edges  of  the  mat  ara  often 
tom  \t  and  the  loosened  met  folded  towards  tho 
gun.  If  enough  pins  are  pulled  out  the  mat  may  wrap 
i  itself  tTound  tho  gun.  The  edges  of  the  mat  may  be 
i  10  feet  from  the  muzzlo  when  this  happen*. 
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The  action  may  be  visualised  by  considering  a  bon 
with  a  dosed  lid,  not  hermetically  sealed,  placed  near 
tin  muzxle.  The  initial'blaat  prenure  win  tend  to  dose 
the  lid  tighter  and  to  crush  in  the  walla.  The  peak 
pressure,  however,  is  of  extremely  abort  duration  and 
will  merely  give  the  walla  and  lid  an  initial  inward 
impulse.  The  — w«n<»  m  (till  high  pleasure  behind 
the  shock  front  win  cabte  a  flow  of  air  into  the  box 
and  build  up  tha  prniure  inside.  When  the  rarefaction 
wave  oomei,  the  lid  will  tend  to  fly  open  because  of 
the  relief  of  pressure  outside  which  is  of  relativdy 
long  duration.  When  account  is  taken  of  the  fact  that 
moat  structures  an  stronger  against  pressure  spplied 
from  outside,  it  will  be  seen  that  the  rarefaction  may 
account  for  a  great  deal  of  the  damago  of  the  blast 

Injury  to  personnel  from  a  single  round  is  probably 
due  to  the  peak  pressures.  A  membrane  as  light  as  an 
ear  drum  may  he  broken  by  the  impact  of  the  shock 
wave.  Repeated  firings,  even  when  the  pressures  are  far 
below  critical,  produce  more  subtle  effects. 

lu  Dust  end  Obscuration  of  Target 

When  a  gun  is  fired  over  dry  ground,  a  cloud  of 
dust  rises  explosively  near  the  muds.  Fast  motion 
pictures  may  be  used  to  study  the  rise  and  motion  of 
this  cloud.1  When  the  gun  fires  at  low  elevation  and 
low  bore  height  the  blast  scours  the  ground  in  a  char* 
acteristio  parabolic  pattern.  Iu  the  ab twice  of  wind 
the  compact  cloud  takes  on  the  motion  of  tho  bloat; 
it  drifts  forward,  expanding  slowly,  its  outer  bound* 
ariea  swirling  in  the  direction  of  the  vorticity  of  the 
smoke  ring.  Gravity  eventually  settles  out  tha  dust 
particles  but  this  thinning  out  of  the  cloud  may  be 
very  riow  If  the  dust  is  fine.  Any  wind,  of  course, 
imparts  its  motion  u>  the  cloud  and  diffuses  it 

Though  tha  motion  and  attenuation  of  tha  duit 
cloud  may  be  rcoorded  by  motion  pictures,  the  proc* 
essee  by  which  dust  particles  arc  picked  up  and  trans¬ 
ported  cannot  be  observed;  but  the  laws  of  mechanics 
that  govern  the  motion  of  individual  particles  and  the 
statistical  laws  that  describe  the  average  behavior  of 
a  largo  collection  of  particles  are  well  known,  of 
course.  Theoretical  studies  have  been  made  which 
lead  to  a  satisfactory  understanding  of  tho  scouring 
of  tho  ground  by  the  blast  and  the  raising  and  diffu¬ 
sion  of  du*tiM•,,•‘,  The  principal  conclusion*  re¬ 
garding  the  raising  of  dust  by  the  biai*  are  the 
following; 

1.  Pressure  changes  in  the  jot  and  air  *• 
little  to  the  motion  of  a  dust  particle  jxc?,  .c-  'or 


as  these  changes  cause  the  air  surrounding  tha  pats 
tide  to  move.  This  statement  is  true  oT«n  for  strong 

2.  In  the  absence  of  turbulence  a  dost  particle  al¬ 
ways  hu  the  velocity  of  the  surrounding  air  super¬ 
posed  on  it*  characteristic  settling  velocity. 

L  The  scouring  of  tha  ground  ia  produced  by  the 
high-speed  jet  Viscosity  makes  the  air  adhere  to  the 
surface  parti  clea.  These  are  dragged  with  the  camnt 
and  act  aa  an  abrasive. 

4.  Turbulence  scours  the  ground  end  diffuses  dust 
that  it  picka  up,  but  there  processes  are  relatively 
slow.  The  principal  function  of  the  turbulence  fa  to 
keep  dust  in  the  air  from  settling  out 
6.  Dust  that  has  been  picked  up  by  the  jet  ia  held 
in  suspension  by  the  turbulence  in  the  smoke  ring 
and  mixing  layer  surrounding  the  bottle  and  is  trans¬ 
ported  upward  by  the  larger  scale  currents  in  these 
regions. 

6.  Dud  is  picked  up  end  may  be  raised  a  consider¬ 
able  distance  whenever  a  wave  of  rarefaction  can 
penetrate  tho  ground  before  complete  reflection.  The 
velocities  of  the  air  behind  a  *»*ve  of  rarefaction  are 
opposite  to  tho  direction  of  propagation  of  the  wave 
and  cause  an  explosive  rising  of  the  dust. 

The  explosive  rise  of  the  dust  caused  by  the  ter¬ 
minal  rarefaction  can  be  observed  in  fast  motion  pic¬ 
tures.  The  amount  of  duBt  raised  by  this  wave  ia 
conaiderably  less  than  the  amount  picked  up  by  the 
scouring  action  of  the  jet,  but,  coming  after  the  main 
blast,  it  tends  to  stay  close  to  tbe  gun.  The  main 
traveling  shock  develops  a  rarefaction  region  behind 
it  On  penetrating  porous  ground  it  raises  dust  • 
very  small  distance  above  the  surface.  This  shock  con¬ 
tributes  to  the  raising  of  dust  by  preparing  the  ground 
for  tho  blast  that  follows. 

The  obscuration  of  the  target  by  tho  dust  cloud 
is  by  no  means  simply  related  to  the  amount  of  dust 
raised.  Obscuration  is  characterized  by  its  intensity 
and  its  duration.  Both  these  elements  are  greatly 
affected  by  meteorologies!  conditions.  A  denso  com¬ 
pact  cloud  that  produces  total  obscuration  may  not 
be  objectionable  when  a  strong  side  wind  sweeps  it 
away  quickly  from  the  line  of  sight.  On  the  other 
hand  a  diffuse  dust  cloud  of  great  extent  which  pro¬ 
duces  incomplete  obscuration  for  a  relatively  long 
time  may  be  quite  objectionable.  An  extremely  tenu¬ 
ous  cloud  may  produco  severe  obscuration  because  of 
the  scattering  of  light  by  the  small  dust  particles, 
since  tho  eye  can  distinguish  only  the  contrast  be¬ 
tween  the  transmitted  and  reflected  light 
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Since  obscuration,  u  it  affects  military  weapon*  ia 
a  field  phenomenon,  the  measurement  ol  obscuration 
is  a  statistical  field  problem.  The  character  of  the 
obscuration  associated  with  the  blast  of  a  particular 
gun  ia  not  something  that  can  be  determined  in  the 
laboratory ;  it  ia  obtained  as  an  average  of  tho  results 
of  firing  the  gun  under  a  great  variety  of  field  con* 
ditions.  Since  the  larger  guns  must  fire  into  fixed 
impact  areas  within  small  traverse  ranges,  it  it  diffi¬ 
cult  to  obtain  an  adequate  variety  cf  conditions. 

The  obscuration  due  to  a  particular  round  may  bo 
measured  in  various  ways.  A.  direct  and  simple  method 
ia  for  one  or  more  observers  with  stop  watches  to 
record  the  duration  of  total  obscuration.  This  method 
is  quite  satisfactory  when  the  gun  ia  fired  without 
muzzle  attachment,  for  then  the  dust  cloud  usually 
has  well-defined  boundaries  so  that  visibility  is  as¬ 
sured  as  soon  as  the  cloud  is  swept  away  by  the  wind. 
If  there  ia  no  wind  the  cloud  attenuates  as  gravity 
settles  out  the  dust  and  visibility  continues  to  improve 
after  the  target  is  first  visible.  Muzzle  attachments 
generally  introduce  secondary  effects  by  dividing  the 
jet;  a  period  of  clearing  may  be  followed  by  a  second¬ 
ary  obscuration  aa  the  wind  sweeps  the  dust  raised 
to  one  aide  of  the  gun  into  the  line  of  sight.  Motion 
pictures,  particularly  with  color  film,  taken  at  32  or 
64  frames  a  second  are  fairly  satisfactory  in  giving 
a  permanent  and  general  view  of  the  phenomenon, 
but  the  analysis  of  a  scries  of  films  is  laborious  and 
there  ia  surprising  variability  in  the  results  obtained 
hy  different  observers. 

A  rather  elaborate  method  for  measuring  obscura¬ 
tion  in  the  field  has  been  developed.***'*9  An  instru¬ 
ment  '  hich  consists  essentially  of  a  phototube  and 
a  auitablo  current  amplifier  has  been  built  around  a 
Heiland  recording  oscillograph.  A  strong  light,  placed 
some  200  ft  ahead  of  the  gun,  is  focused  so  as  to  give 
a  bright  image  on  the  phototube  cathode,  the  instru¬ 
ment  being  placed  behind  the  gun.  To  make  a  meas¬ 
urement,  the  light  ia  turned  on  and  tho  shutter  ad¬ 
justed  to  give  tho  proper  current  through  tho  recorder. 
TV  light  ia  then  blocked  off  by  a  card  to  give  the  no¬ 
ught  trace  on  the  record.  When  the’  card  is  removed 
the  gun  is  fired.  Thus  the  record  shows  full-light  and 
no-Ught  traces  and  the  variable  trace  due  to  the  dust 
that  rises  between  the  light  source  and  the  phototube. 
One  channel  of  the  recorder  is  used  to  make  a  time 
trace  by  driving  it  with  a  relaxation  oscillator.  Other 
channels  are  used  with  switches  so  that  observers 
may  record  the  time  at  which  they  first  see  the  target 
and  thus  establish  tho  visibility  level  of  the  record. 


The  blast  also  contributes  to  obscuration  in  an  ex¬ 
tended  sense  by  causing  the  gunner  to  Hindi;  during 
the  time  it  takes  him  to  recuperate  from  the  effects 
of  the  detonation  the  target  ia  generally  obscured  and 
his  sense  of  its  direction  impaired.  Even  when  aigkU 
ing  through  a  telescope  he  may  not  be  able  to  take 
advantage  of  brief  intervals  of  clearing; 

4X4  Flash 

The  flash  from  a  medium-caliber  higb-preaaure  gun 
ia  brief  but  of  great  intensity.  At  night  it  lights  up 
the  surrounding  country  vividly  and  may  produce 
complete  blindness  for  a  few  seconds.  Secondary 
being  produced  by  the  burning  of  the  hydrogen  and 
carbon  monoxide  in  the  jet,  ia  in  effect  a  secondary 
explosion  which  increases  the  blast  pressures.  With 
high  rates  of  fire,  flash  adds  considerably  to  person¬ 
nel  discomfort. 


4.4  THE  pahtial  control  of  blast 
BY  FIELD  ATTACHMENTS 

When  any  device  is  attached  to  the  muszle  of  a  gun 
it  interferes  with  the  free  expansion  of  the  jot  The 
thrust  of  the  gaa  on  the  attachment  modifies  tho  re¬ 
coil  energy  of  the  tube,  flash  is  affected  by  the  change 
in  shock  pattern  and  the  diffusion  of  tho  jet,  tho 
shape  and  concentration  of  the  dust  cloud  and  its 
obscuration  characteristics  are  altered,  and  the  dis¬ 
tribution  of  blast  pressures  near  the  muzxle  are  modi¬ 
fied  by  the  change  in  the  shape  of  the  shock  front 
and  tho  redistribution  of  strength  along  it.  The  pur¬ 
pose  of  muzzle  i  ttachments  is  to  produce  favorable 
changes  in  some  or  all  the  above-mentioned  effects. 

A  distinction  has  been  made  between  attachments 
that  may  be  used  on  existing  guns  and  those  that  re¬ 
quire  more  or  less  drastic  changes  in  the  construc¬ 
tion  of  the  gun  and  mount  assembly.  The  former  are 
called  field  attachments.  Strictly,  no  muzzle  attach¬ 
ment  is  a  field  modification  on  a  gun.  3mall  devices, 
such  as  the  service  muzzle  brake,  require  the  cutting 
of  a  thread  at  the  muzzle  and  the  placing  of  a  counter¬ 
weight  on  the  breech  block  so  as  to  allow  the  elovating 
mechanism  to  function  freely.  However,  any  attach¬ 
ment  comparable  to  a  standard  muzzle  brake  in  size 
and  weight  may  be  used  as  a  field  modification  on  s 
gun  prepared  to  take  the  brake.  Tho  devieea  that  may 
be  constructed  to  modify  the  blast  effects  of  a  gun 
range  continuously  from  simple  field  modifications 
to  those  that  must  be  incorporated  in  the  original  do- 
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sign  of  gun  and  mount;  however,  those  devices  will 
be  called  Held  attachment*  which  require  for  their 
use  only  the  cutting  of  a  muzzle  thread,  the  counter* 
weighting  of  the  breech  block,  «ud  the  possible 
strengthening  of  the  elevating  mechanism. 

The  redaction  in  bleat  effects  that  nay  be  obtained 
by  the  use  of  field  attachments  can  be  expected  at  beat 
to  be  incomplete,  since  through  such  device*  the  gas 
is  still  ejected  in  the  neighborhood  of  the  mnzzle 
with  little,  if  :ny,  lengthening  of  the  emptying  time. 
It  was  seen  that  in  a  gun  firing  without  muzzle  at¬ 
tachment  the  greatest  blast  intensity  occurs  near  tha 
bore  axia  and  tapers  off  gradually  toward  the  rear.  A 
blast  deflector  merely  breaks  up  this  concentration 
of  the  blast;  it  can  do  this  in  many  ways,  but  it 
reduces  the  overall  blast  effectiveness  only  by  the 
relatively  small  amount  of  energy  made  unavailable 
by  the  added  shocks  and  turbulenco  which  it  produces 
and,  perhaps,  by  the  slight  retardation  of  the  jet  when 
the  deflector  has  a  largo  capacity.  Present  knowledge 
of  th6  deflection  of  a  supersonic  jet  is  qualitative  and 
still  meager.4** 

A  field  attachment  that  modifies  the  blast  of  a  given 
gun  satisfactorily  cannot  be  expected  to  continue  to 
show  desirable  properties  when  scnlcd  up  to  higher 
calibers  or  when  the  powder  pressuro  is  increased.  For 
instance,  in  the  problem  of  obscuration,  a  device  on 
the  76-mm  gun  that  produces  a  transparent  dust 
cloud  may  bo  acceptable  even  when  it  greatly  length¬ 
ens  the  timo  of  partial  obscuration.  A  like  deflector 
on  a  00-mm  gun  may  produco  a  comparable  diminu¬ 
tion  in  the  amount  of  duet  raised,  but  the  -esulting 
cloud  can  produce  complete  obscuration  for  a  greater 
timo  than  docs  the  cloud  raised  by  the  gun  firing 
without  attachment.  A  groat  reduction  in  the  density 
of  the  dust  cloud  cannot  be  considered  an  improve¬ 
ment  when  the  severity  and  duration  of  the  obscura¬ 
tion  are  not  diminished. 

The  sizo  of  a  deflector  suitable  for  a  field  modifies- 
tion  is  greatly  restricted  Upper  limits  were  taken  as 
10  lb  for  the  37-mm  gun,  80  lb  for  the  76-mra  gun, 
and  140  lb  for  the  90-ram  gun.*1  In  constructing 
small-ecale  models  of  these  attachments  it  is  usually 
difficult  and  impractical  to  construct  an  exactly  scaled 
model,  but  if  the  6cale  is  maintained  the  i  rper  limit 
for  the  .GO-calibcr  gun  would  be  about  0.4  lb  and  for 
the  .30-calibcr  gun  about  0.08  lb.  The  sizes  of  the 
models  built  in  tho  various  projects  involved  in  this 
program  depended  on  tho  objectives  oi  the  particular 
investigations.  At  Princeton,  for  instance,  the  object 
was  to  develop  a  field  modification  for  immediate  use, 


and  few  models  were  designed  and  fewer  constructed 
in  the  larger  calibers  that  could  not  have  been  brought 
down  to  the  proper  weights  by  economical  design; 
whereas  at  the  Franklin  Institute,  where  the  inves¬ 
tigation  was  more  basic,  muzzle  brake*  were  used  on 
the  J0*caliber  gun  which  weighed  IS  lb  and  were  re¬ 
ducible  to  SH  lb.** 

4,4,1  Muzzle  Broket 

A  muzzle  brake  consist*  essentially  of  a  diffuser  and 
a  baffle.  The  diffuser  ia  an  extension  of  the  muzzle 
which  allows  the  gaa  to  expand  and  guides  it  toward 
the  baffle  surface;  the  baffle  is  a  plate  which  deflects 
radially  the  gaa  it  intercept*.  On  being  deflected  th* 
gas  exerts  a  pressure  on  the  baffle  surface  opposed  to 
the  pressure  of  the  poryder  gaa  on  the  breech.  This 
forward  pressure  counteract*  to  some*  extent  the 
momentum  of  recoil.  For  a  given  gun  the  effectiveness 
of  a  brake  depends  on  the  fraction  of  the  jet  deflected 
and  on  the  vector  momentum  of  the  deflected  gas 
when  it  leaves  the  brake.  Brakes  are  most  successful, 
of  course,  on  guns  that  have  a  severe  bloat  In  high- 
velocity  guns  an  appreciable  increment  in  muzzle  ve¬ 
locity  is  obtained  only  by  increasing  the  charge  con¬ 
siderably.81  The  greater  powder  pressure  leads  to 
greater  recoil  energy,  but  this  increase  is  Hot  so  great 
as  the  increase  in  the  available  energy  of  the  blast. 

A  diffuser-baffle  system  with  a  number  of  variable 
elements  has  been  investigated  at  length  on  the  .50- 
caliber  gun.**u-u  Tho  generalized  1-baffle  brake  is 
shown  in  Figure  7.  The  effect  on  recoil  of  variations 
in  the  elements  marked  C,  D,  E,  L,  N,  S  in  the  draw- 
ing  was  determined.  In  this  investigation  the  plate 
diameter  Q  of  the  baffles  is  largo  and  the  effect  of  vary¬ 
ing  it  was  not  considered.  The  flange  around  the 
diffuser,  or  nozzle,  is  not  essential  and  in  most  of  the 
brakes  with  non-zero  reversal  angle  it  was  curved 
backward  to  permit  free  expansion  of  the  deflected 
gaa. 

A  selection  from  the  results  of  this  investigation  is 
given  in  Table  1.  Theso  results  are  for  the  flat  1- 
bafUo  brake  and  for  the  powder  load  adjusted  to  give 
a  breech  pressure  of  about  80,000  psi  and  a  muzzle 
velocity  near  2, GOO  fpa.  The  last  column  chows  the 
per  cent  reduction  in  recoil  energy  obtained  by  the 
various  combinations  of  elements.  This  quantity  is 

Ssam*^z*x i, 

where  2?,  is  the  recoil  enorgy  of  the  gun  firing  with¬ 
out  a  brake  and  E,  tho  recoil  energy  obtained  when 
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Tablb  1.  Effect  of  varying  oertaln  element*  on  the  efficiency  of  *  ringl*-b*Jfle  brake,  40-caliber  gun  (D  -  0,  P  ■  90,000  pafy. 


R  per  cent 


Variable 


8 

(caliber*) 


04  . 


C 

(degree*) 


l 

(caliber*) 


8 

(degree*) 


N 

(caliber*) 


LA 


it  per  cent 
reduction  in 
recoil  energy 


the  brake  is  used.  The  weight  of  the  recoiling  parts 
is  maintained  constant 

Usually  R  is  called  the  efficiency  of  the  brake; 
hut  it  must  be  borne  in  mind  that  it  ia  the  efficiency 
of  the  combination  of  gun,  round,  and  brake.  For 
example,  a  combination  of  muzzle-brake  elements  that 
leads  to  an  efficiency  of  about  70  per  cent  on  the 
.50-caliber  gun,  firing  a  round  for  which  P  =  30,000 
psi  and  r  =  2,500  fpa,  yields  an  efficiency  of  only 
about  60  per  cent  when  used  on  the  .30-calibor  rifle, 
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Ficuaa  7.  Muulc  broke.  The  principal  design  variables. 


firing  a  service  round**  for  which  P  >  50,0o0  pai  and 
v  =  2  700  fps.  As  boa  been  pointed  out,  this  variation 
in  effectiveness  is  due  to  the  difference  in  emptying 
characteristics  of  the  {wo  guns. 

The  effect  on  efficiency  of  varying  tho  powdor  load 
is  indicated  in  Table  2.  The  fi*  ,<  column  (P  =  30,000) 
shows  the  values  of  R  lived  for  Group  I  in  Table  1. 

Tabu  3.  Effect  on  efficiency  of  varying  powdor  toad. 

Rat  1-baffle  brake  without  diffuser,  .60-, caliber  gun. 


3 

(caliber*) 
0.5 
1.0 
2.0 
3. 


From  tho  point  of  view  of  the  interception  and 
deflection  of  the  jet  as  well  as  from  that  of  the  dcaign 
of  brakes,  a  convenient  parameter  is  S„  with  M  ss  0, 
shown  in  Figuro  7.  For  example,  in  Group  IV  of  Table 
1  the  efficiency  of  the  brake  ia  lowered  by  tho  addi¬ 
tion  of  a  diffuser  cone.b  This  reduction  is  observed 
when  S  -)-  L,  the  distance  to  the  back  of  the  plate, 
is  maintained  constant.  This  result  is  to  be  expected 

bIn  thl*  investigation  the  baffle  orifice  oone  1*  called  dif¬ 
fuser  cone;  however,  with  rcspoct  to  the  deflected  go*  It  U  a 
comprawer.** 


R  (per  cent) 

-  30,000 

P  -  40,000 

P  -  50,000 

(pai) 

(P»i> 

(pai) 

31.4 

34.0 

30.3 

65.1 

56.3 

674 

05.8 

67.0 

60.0 

08.4 

70.4 

72.0 
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■wee  the  jet  u  now  intercepted  nearer  the  muzzle 
where  the  expansion  ie  has.  Maintaining  St  cooetant 
will  ehow  the  effect  of  the  diSueer  cone  on  the  de¬ 
flected  blest.*  Again,  the  third  entry  in  Group  11 
■hows  a  significant  gain  in  efficiency,  as  compared  to 
the  fourth  entry  in  Group  X,  obtained  by  the  intro¬ 
duction  of  a  nozzle.  However,  in  Group  I,  8l  =  8 
—  8  calibers  and  in  Group  II,  S,  —  S  4-  L  ==.  4.75 
calibers,  and  at  least  part  of  this  improvement  must 
be  attributed  to  the  greater  spacing. 

From  the  data  obtained  in  these  tests  requirements 
for  brakes  of  low,  intermediate,  and  high  efficiencies 
have  been  proposed.  These  requirements  are  shown 
in  Table  3. 

Tsana  3.  Mussle  brake  require  mute. 


Low  Intermediate  High 
efficiency  efficiency  efficione 


Efficiency  (per  cent) 
Humber  of  baffle* 

No.  1  baffle  spacing  (enUbar) 
Ho.  2  baffle  epcdrig  (oaliber) 
Reversal  angle  D  (degree*) 
H  os ile  angle  C  (degree*) 
Nosilo  length  L  (caliber) 


—30-0 

0 

0 


2.25-4.0  2.25-4.0 


I  u  «  u 
UU  0*  HUS  *  KWUi 


of  the  figure,  one  for  P  —  80,000  psi,  the  other  for  P 
*ss  50,000  psi,  show  the  computed  and  observed  angle* 
of  recoil  due  to  variations  of  the  nozsle  angle  for  a 
flat  baffle  spaced  st  1.25  in.  The  known  ballistic  quan¬ 
tities  used  in  this  formula  are  net  bore  area,  muzzle 
velocity,  weight  of  recoiling  parts,  weight  of  projec¬ 
tile,  and  weight  of  charge;  besides  these,  the  muzzle 
pressure  st  shot  ejection  must  be  computed  and  the 


wmwsmmm 


It  should  he  observed  that  efficiencies  ranging  from 
87.4  per  cunt  for  P  =  30,000  psi  to  83.4  per  cent 
for  P  —  50,000  psi  have  been  obtained  with  a  single 
baffle  with  D  ss  80  degree*1**1* 

An  empirical  formula  has  been  devised  to  predict 
the  efficiency  of  muzzle  brakes.  The  results  obtained 
by  the  use  of  thie  formula  agreo  quite  well  with  the 
results  of  testa  on  the  brake  designs  used  in  this  in¬ 
vestigation,  oa  is  shown  by  Figure  8.  Tha  two  curves 


Fiona*  3.  Theoretical  and  observed  variations  In  reooll 
due  to  variations  in  nostU  angle. 


•  o.»  >  i*  a 
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Fiona*  0.  Muzzle  brake.  Effect  on  recoil  of  varying 
baffle  diameter  and  spacing. 

mean  muzzlo  velocity  of  tiro  gases  estimated  or  ad¬ 
justed  to  give  results  agreeing  with  experiment  Ths 
muzzle  brake  quantities  are  reduced  to  three  areas  and 
three  angles  which  characterize  the  expansion  and  de¬ 
flection  of  the  jet.  These  quantities  are  found  from 
the  geometry  of  the  brake  according  to  rules  empiri¬ 
cally  determined  from  results  obtained  with  the  .60. 
caliber  gun.  No  comparison  has  been  made  with  other 
calibers. 

Tho  weight  of  a  brake  is  greatly  influenced,  of 
course,  by  the  plate  diameter  Q.  As  has  beon  pointed 
out,  the  maximum,  weight  of  a  field  attachment  suit¬ 
able  for  a  given  gun  is  severely  restricted,  and  the  de¬ 
sign  problem  starts  with  this  restriction.  A  prelimi¬ 
nary  investigation  of  the  effects  on  recoil  energy  due 
to  variations  in  Q  has  led  to  a  number  of  conclusions 
concerning  the  construction  of  deflectors  in  general 
and  brakes  in  particular.  These  testa  were  carried  out 
with  flat  baffles  on  a  ,80-csliber  rifle.**  Some  of  the 
results  obtained  iu  this  investigation  are  shown  by  the 
solid  curves  of  Figure  9  where  the  recoil  energy  ob¬ 
tained  by  using  single  phtes  of  various  diameters  is 
plotted  against  S„  the  plate  distance  from  the  muzzle. 
The  curve  for  the  5-ip.  plate  envelops  those  for  the 
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•miller  diameters.  Very  near  the  rauxxla  ill  the 
cum*  coincide,  showing  that  in  that  region  the  plate  - 
diameter  Q  =  0.75  in.  ii  adequately  large  to  yield  the 
braking  efficiency  that  can  be  obtained  with  baffle  spao- 
inga  not  exceeding  0.13  in.  At  a  (pacing  of  about  0.13 
in.,  the  cam  for  the  0.75-in.  plate  leave*  the  enve¬ 
lope,  and  the  distance  of  the  point  of  departure  in¬ 
creases  with  increasing  diameter.  Beyond  the  point  of 
departure  all  the  curves  are  very  much  like  that  for 
the  1-in.  baffle,  which  is  plotted  to  St  rs  2  in. 

The  effect  of  a  second  baffle  is  shown  in  the  case 
where  a  1-in.  first  plate  is  fixed  0.3  in.  from  the  mux- 
tie.  The  dotted  line  in  Figure  0  shows  the  recoil  en¬ 
ergy  curre  obtained  by  varying  the  second  baffle  spac¬ 
ing.  Some  such  investigation  presumably  led  to  the 
proportions  of  the  German  2-baffle  brake.* 

From  these  results,  aided  by  spark  photographs  of 
the  deflected  gases,  the  following  general  conclusion! 
have  been  drawn  regarding  the  size  snd  effectiveness 
of  brakes : 

1.  If  the  length  of  a  brake  is  fixed,  then  the  greatest 
efficiency  is  obtained  by  using  a  single  baffle  of  ade¬ 
quately  large  diameter. 

2.  Tho  weight  of  a  bruke  may  bo  greatly  reduced 
by  using  two  or  more  baffles  within,  the  fixed  overall 
length.  This  reduction  in  weight  ia  achieved  by  sac¬ 
rificing  efficiency,  but  tho  reduction  in  efficiency  la 
negligible  when  two  baffles  are  used. 

3.  The  maximum  amount  of  gns  that  may  be  uti¬ 
lized  by  any  brake  is  close  to  that  deflected  by  a  single 
baffle  of  adequately  largo  diameter  placed  at  4  calibors 
from  the  muzzle. 

A  qualitutivo  analysis  of  tho  flow  through  a  deflector 
confirms  these  conclusions.*  A  typo  of  brake  designed 
on  the  basis  of  the  results  of  this  investigation  is  de¬ 
scribed  in  the  next  section. 

With  the  protection  against  muzzle  blast  afforded 
gun  crews  by  existing  guns,  only  brakes  of  medium 
efficiency  can  bo  utilized.  The  utilizable  efficiencies 
may  bo  obtained  from  light  attachments,  such  as  the 
2-baffle  service  brake  used  on  the  British  17-pounder. 

40  Deflectors  for  the  Protection  of 
Structures  Against  Blast  Damage 

Any  deflector  that  deforms  the  blast  relioves  blast 
pressures  in  somo  directions,  accentuates  them  in 
others.  Deflectors  of  moderate  size  may  be  used  as  aids 
in  protecting  structures  only  it  there  are  direction! 
available  toward  which  the  blast  intensity  may  be  di¬ 
rected.  It  is  not  sufficient,  however,  (o  deflect  the  blast 


MCTroC 


-jcxfcr; 


MINOR  DUS 
MAJOR  CXA 
cot*  pitch  eu 

SAC  NOX4O0 


00 

THOS/IN 


00 

HDS/IN 
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<1om  tha  standard  service  braks.  Thislast  effect  snort 
U  taken  into  account  fat  ths  problem  at  dart  because 
so  field  sttachment  can  eliminate  obscuration  when 
the  gun  fire*  trout  the  dug-in  position.  It  ia  possible 
to  prevent  serious  obscuration  only  by  placing  a  suf¬ 
ficiently  large  blast  mat  under  tha  deflector.  12  it  ia 
possible  to  dig  the  gun  is  it  ia  eartsiuly  practicable  to 
spread  a  mat  before  it.  At  low  bore  heights  the  prin¬ 
cipal  function  of  the  deflector  ia  to  protect  the  mat 
from  the  blast  effect 

The  4-baffle  deflector  shown  in  Figure  11  has  ex¬ 


What  has  boon  said  regarding  multiple  baffling  la 
connection  with  muxsle  brakes  applies  equally  well  to 
all  deflectors.  This  4-btffle  unit  is  about  25  per  cast 
lighter  than  the  2-baffle  deflector  of  comparable  per¬ 
formance.  It  ie  not  so  efficient  a  do  Sector  or  brake  aa 
the  2 -baffle  unit,  but  the  greater  strength  of  the  for¬ 
ward  let  produces  no  noticeable  effects  on  ths  dust  at 
normal  bore  heights  and  its  efficiency  a*  •  braka  fit 
probably  aa  grant  aa  can  be  utilized  when  gun  plea¬ 
sures  ezoeed  their  present  values.  It  shows  s  tendency 
to  inhibit  flash. 
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?iQtraa  1 1.  Four-bsfHo  deflector  (or  supprasloa  of  dust. 


hibited  the  best  overall  performance  in  the  testa  to 
which  it  haa  thus  f»r  been  aubjected.,*M,M  As  normal 
bore  heights  Us  performance  is  not  distinguishable 
from  tbit  cx  the  2-bafflo  u_'t,  although  close  to  the 
ground  it  produces  somewhat  greater  obscuration. 
However,  it  showed  marked  improvement  over  all  tho 
deflectors  tested  in  protecting  a  mat  from  blast  dam¬ 
age  at  extremely  low  boro  heights.  It  seems  quite  cer¬ 
tain  that  a  properly  constructed  canvas  mat  can  be 
used  with  this  unit. 


The  deflector  shown  in  Figure  12  haa  a  large  cavity 
and  the  port  area,  although  adequately  large,  ia  small 
compared  to  the  wall  area.**'  Thi.*  deflector  suppresses 
the  effects  of  the  terminal  rarefaction  quite  satisfac¬ 
torily  at  low  bore  heights.  As  constructed,  ita  general 
performance  is  not  so  good  as  that  of  other  deflectors 
but  it  can  be  greatly  improved  by  properly  shaping  and 
spacing  the  baffles.  As  has  already  been  indicated,  ths 
suppression  of  the  rarefaction  wave  is  due  to  the  large 
cavity  and  relatively  small  porta.  The  efleetiveueaa  of 
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any  deflector  iu  the  duot  problem  is  enhanced  by  a 
sufficiently  great  increase  of  its  radial  dimensions 
without  an  .increase  of  the  port  area,  but  whether  the 
improvement  in  visibility  Justifies  the  increase  in 
weight  has  not  been  determined.  Besides  the  disadvan¬ 
tage  of  increased  weight,  deflectors  of  large  capacity 
induce  flash.  When  firing  flaahleaa  long-primer  am¬ 
munition  iu  tho  70-mm  gun,  a  brilliant  flash  was  al¬ 
ways  observed  when  the  deflector  ahown  iu  Figure  11 
was  used. 

When  the  length  of  a  deflector  and  the  number  of 
baffles  is  predetermined,  the  diamoter  of  tho  baffles  as 
well  as  the  spacing  may  be  determined  experimentally 
for  maximum  braking  action  aa  was  indicated  in  con¬ 
nection  with  Figure  0.  The  port  area  then  is  made  as 
large  as  practicable.  In  the  4-baffle  deflector  the  baf¬ 
fles  were  spaced  aa  shown  In  Figure  11  in  an  attempt 
to  produce  uniform  flow  through  the  ports  rather 
than  to  ^ive  maximum  braking  action.  A  more  effec¬ 
tive  means  of  distributing  the  flow  is  to  vary  the  diam- 
etera  of  the  baffle  holes  as  shown  in  Figure  IS.  This 
method,  however,  diminishes  the  efficiency  of  the  unit 
as  a  deflector.  Uniformity  of  flow  can  be  achieved  by 
varying  the  port  areas  as  shown  in  Figure  18.*  The 
capacity  of  this  deflector  is  increased  by  increasing  the 
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Fiona*  13.  Arrangement  of  ports  to  ensure  uniform  di*- 
tiibutlon  of  outflow  from  deflector. 
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length  without  increasing  the  diameter.  This  deflector 
has  received  bo  full-scale  teats. 

Deflectors  for  the  Suppression 
of  Flash 

The  suppression  of  flash  and  smoke  is  a  problem 
of  powder  chemistry,  but  muxzle  attachments  hare  s 
g.vst  effect  oo  the  production  of  flash.  Zt  has  been 
observed  that  multiple-baffle  deflectors  of  small  capac¬ 
ity  and  with  small  baffle  hols  diameters  and  large 
port  areas  tend  to  inhibit  flash.  The  deflector  shown 
in  Figure  11  completely  suppresses  flash  in  the  37-mm 
gun,  and  an  8-baffle  deflector  similar  to  thie  completely 
suppresses  the  flash  from  a  flashing  round  in  the 
76-mm  gun  80  per  cent  of  the  time.  The  flash  pro¬ 
duced  the  rest  of  the  time  is  weak  and  due  to  localized 
burning  of  the  deflected  jet*'*4  The  8-baffle  deflector 
did  not  ihow  any  obvious  diminution  in  the  flash  of 
the  90-mra  gun,  but  the  intensity  of  the  flash  from 
this  gun  is  so  great  that  even  a  great  reduction  could 
not  be  detected  by  the  eye. 

4 A  THE  CONTROL  OF  BLAST 

Satisfactory  deflection  of  the  gas  may  be  achieved 
with  relatively  small  muzzle  attachments.  The  moet 
efficient  of  these  permit  a  residual  jot  to  go  through 
the  forward  hole  which,  by  itself,  produce*  unobjec¬ 
tionable  blast  effect*  in  guns  at  least  as  largo  aa  the 
present  OO-mm  gun.  The  problem  these  deflectors  leave 
unsolved  is  that  of  tho  disposal  of  the  deflected  jet. 
The  most  successful  of  muzzle  attachments  is  the 
muzzle  brake,  but  its  usefulness  is  limited  by  the  great 
bloat  pressures  and  other  blast  effects  produced  toward 
the  rear  of  the  gun  when  high  efficiencies  are  utilized. 
The  dust  problem  can  no  doubt  be  solved  by  using  a 
sufficiently  largo  attachment  which  deflects  the  jet 
straight  up.  Such  a  deflector  would  be  a  mediocre 
brake  and,  because  of  the  great  downward  thrust  at 
the  end  of  the  tube,  its  use  would  require  radical 
changes  in  the  gun  end  mount  assembly  with  a  sub¬ 
stantial  overall  increase  in  weight  So  long  as  the 
blast,  however  deflected  or  deformed,  is  ejected  in  the 
neighborhood  of  the  muzzle  there  will  be  muzzle-blast 
problems. 

Assuming  that  the  desired  fraction  of  tho  jet  can 
be  deflected  through  180  degrees  and  carried  in  one 
or  more  ducts  so  as  to  eject  it  up  over  the  carriage  cr 
sufficiently  far  to  the  rear  of  the  gun,  then  near  the 
muzzto  the  only  blast  effects  would  be  those  of  the 
(  weak  residual  jet.  In  passing  through  the  long  ducts 


and  through  expansion  chambers  that  might 'be  pro¬ 
vided  the  deflected  jet  would  lose  considerable  pres¬ 
sure;  the  disposal  system,  in  effect,  could  be  an  effec¬ 
tive  muffler.  The  design  of  such  a  disposal  system 
would  present  no  grave  difficulties.  Consider,  for  ex¬ 
ample,  the  simple  system  in  which  the  jet  is  subjected 
to  an  axially  symmetrical  deflection  and  the  duct  is 
the  space  between  the  outer  surface  of  the  gun  tube 
and  the  inner  surface  of  a  concentric  thin-welled  take 
of  sufficiently  large  diameter.  This  duct  would  reooQ 
with  the  gun  and  would  hava  to  fit  into  a  second  tube 
fixed  to  the  part  of  the  mount  that  moves  aa  a  unit 
with  the  recoil  elide;  that  is,  the  first  tube  would  re¬ 
coil  with  the  gun  into  a  second  tube  fixed  to  the  mount 
but  elevating  and  traversing  with  the  gun.  Beyond  the 
juncture  of  the  tubce  the  flow  would  be  dividod  and 
carried  by  two  ducts  which  might  turn  upward  and 
possibly  forward  over  the  vehicle.  The  thrust  produced 
by  the  secondary  doflcction  of  the  gas  could  always  be 
directed  to  m  to  produce  no  rocking  of  the  carriage. 

Assuming  the  possibility  of  such  deflection  the 
maximum  braking  action  would  be  available,  and  the 
saving  in  weight  of  recoil  mechanism  and  mount 
would  compensate  for  the  weight  of  the  disposal  sys¬ 
tem.  However,  the  silhouette  of  the  gun  would  be  in¬ 
creased. 

Such  a  disposal  system  can  be  justified  only  if  a 
sufficiently  large  fraction  of  the  blast  can  be  turned 
through  180  degrees.  One  method  of  controlling  the 
jet  is  to  construct  a  valve  that  closoa  the  forward  hole 
of  the  deflector  immediately  after  the  base  of  the  pro¬ 
jectile  has  gone  through.  A  valve  that  shuts  off  the 
forward  flow  within  1  msec  after  shot  ejection  has 
been  constructed  for  the  .30-caliber  gun.*  Tho  scaling 
of  such  a  valve  to  largo  calibers  presentu  difficulties, 
though  not  insurmountable  ones.  A  valid  objection  to 
the  use  of  such  a  device  is  that  a  valve  is  subject  to 
malfunction.  Deflection  of  a  substantial  portion  of  tha 
jet  through  an  anglo  greater  than  about  120  degrees 
by  means  of  a  static  deflector  has  been  found  difficult. 
A  1-baffle  deflector  with  cone  diffusor  of  extremely 
large  size  can  bo  constructed  which  gives  satisfactory 
results,  but  multiplo  baffling  to  reduce  the  size  leads 
to  jet  separation  with  consequent  decrease  in 
efficiency.* 

Close  to  the  termination  of  tine  investigation  an 
cfficieot  and  reasonably  compact  180-degrce  deflector 
was  being  developed.*  The  method  of  designing  the 
inner  surfaces  of  a  4-bafflo  unit  is  sketched  in  Figure 
14.  The  dotted  lines  a,  l ,  e,  i  and  <F  emanating  from 
the  raid-point  of  the  muzzle  are  approximately  the 
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asymptotes  of  streamlines  in  the  bottle  of  the  free  jet 
The  line*  d,  <P  are  elements  of  the  boundary  of  the 
minimum  residual  jet  which  goes  through  a  circle  of 
1.1-caliber  diameter  placed  at  4  calibers  from  the  mux- 
sle.  This  will  be  the  actual  residual  jet,  provided  the 


gas  is  allowed  to  expand  freely  at  the  znuzxla  and  no 
shocks  from  the  inner  surfaces  of  the  deflector  enter 
the  shaded  region  between  d  and  <?,  for  an  oblique 
shock  that  enters  this  region  always  deflects  stream¬ 
lines  from  outsido  into  the  shaded  area.  To  ensure 
that  chocks  do  not  enter  this  region  or,  if  they  enter, 
that  they  be  week  it  is  necessary  that  the  lips  of 
the  baffle  cones  bo  as  thin  as  it  is  practicable  to  make 
thorn  and  that  the  elements  of  these  cones  coincide 
with  the  streamlines  as  cle:cly  as  possible.  From  this 
initial  direction  tin  surfaces  curve  away  gently  so  as 
to  compress  the  intercepted  gas  gradually. 

The  layout  of  the  inner  surfaces  is  still  a  matter  of 
trial  and  experience  aince  there  are  no  known  methods 
of  ensuring  the  isentropic  compression  and  turning  of 
a  3-dimensional  auporsonio  jet.  It  seems  unlikely,  fur¬ 
thermore,  that  a  static  deflector  can  be  constructed  to 
maintain  isentropic  flow  at  ell  stages  of  a  transient 
jet.  Practically,  tho  compression  and  deflection  of  a 
supersonic  jot  can  bo  accomplished  only  through  a 
system  of  oblique  shocks;  these  cannot  bo  avoided,  but 
if  the  compression  is  gradual  it  may  be  possible  to 
turn  the  stream  without  producing  a  normal  ahock. 
Tho  minimum  requirement  in  the  present  problem  is 
that  a  normal  shock  that  may  occur  in  the  passage  be¬ 
tween  two  baffles  shall  be  weak  enough  not  to  drift 
down  below  the  baffle  cone  lip,  whero  it  would  alter 
he  central  flow.  Once  the  gu  is  compressed  to  where 
its  speed  ia  suboonio  it  will  follow  the  curved  path 
more  readily.  The  attempt  to  turn  the  gas  as  nearly 
iscntropically  as  possible  is  desirable,  however,  for  two 
reasons:  (1)  through  adiabatic  flow  tho  greatest  brok¬ 
ing  action  will  bo  obtained,  and  (3)  the  tendency  to 
flash  will  be  diminished. 


After  the  get  is  turned  through  180  Jegreas  it  it  al¬ 
lowed  to  expand  into  the  ducts.  The  transition  section 
also  requires  careful  consideration.  Even  if  it  U  not 
possible  to  maintain  adiabatic  flow,  it  is  necessary 
that  the  transition  be  gradual  to  minimise  turbulence. 
By  maintaining  a  sharp  boundary  between,  the  air  la 
the  ducts  end  the  powder  gas  until  the  pressure  is 
substantially  reduced,  secondary  burning  may  b« 
avoided.  It  is  anticipated  that  burning  within  the  dis¬ 
posal  system  and  flash  on  ejection  of  the  gases  will 
prove  troublesome  to  control  unless,  perhaps,  a  liquid 
spray  is  used  within  the  system. 

The  ideal  spacing  of  the  baffles  is  that  which  dis¬ 
tributes  the  flow  uniformly  between  the  passages.  In 
view  ol  the  intensity  of  the  flux  of  gas  out  of  the  mux- 
zlo  while  the  base  of  the  projectile  travels  through  the 
deflector  it  will  be  difficult  to  avoid  an  excess  of  gas 
going  through  the  passages  closest  to  tho  muzzle.  The 
spacing  shown  in  the  sketch  of  Figure  14  is  such  as  to 
make  the  openings  normal  to  the  roio-streamlines  ap¬ 
proximately  equal. 

The  only  deflector  of  this  type  constructed  was  a 
2-baffle  brake  with  30  degree  rovcrsal  angle.1  The  re¬ 
sidual  jet  was  about  the  weakest  that  has  been  ob¬ 
tained  even  though  the  width  of  the  passages  had  been 
reduced  to  0.07  in.  at  the  point  whore  the  gas  had 
been  turned  through  120  degrees.  It  scorns  quite  cer¬ 
tain  that  through  this  small  area  the  speed  of  the  gas 
was  already  subsonic  end  that  no  loss  in  flow  would 
have  resulted  from  further  turning.  Tho  braking  effi¬ 
ciency  was  63.0  per  coat.  It  hus  already  been  explained 
that  brakes  on  the  .30-caliber  riflo  havo  low  efficiencies 
and  that  a  brake  configuration  that  yields  60  per  cent 
efficiency  on  this  caliber  will  yield  70  por  cent  on  the 
.60-cslibcr  gun.  Since  there  can  be  no  throttling  of 
the  gas  in  the  passages  as  there  is  in  brakes  with 
large  baffle  spueiaga,  tho  efficiency  will  increase  with 
increasing  rovcrsal  augle  and  with  proper  expansion 
before  ejection. 

• 

u  CONCLUSIONS 

Tho  blast  problems  that  arise  with  increasing  pres¬ 
sures  in  the  modern  medium-caliber  high-velocity 
guns  roquire  for  their  solution  a  detailed  knowledge 
of  the  phouomena  associated  with  tho  emptying  of  a 
gun  if  tho  solution  of  iheso  problems  is  to  ba  raised 
from  the  trial  and  error  stage.  Methods  of  treating  tho 
interior  ballistics  of  s  gun  after  shot  ejection  havo  now 
been  doveloped  and  a  working  knowledge,  mostly 
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qualitative,  of  the  blest  cherecterietice  has  been  accu¬ 
mulated.  8impHflpd  fonnnlea  on  which  to  best  the 
rational  deaig-  of  masxle  attachments  are  still  to  be 
developed;  but  progress  has  been  made  in  the  under* 
standing  of  the  oxtent  to  which  muzzle-blast  effects 
may  be  modified  by  various  types  of  attachments,  and 
general  predictions  regarding  the  efficacy  of  new  ie- 
signs  can  now  be  nude. 

Tbs  most  successful  muzxle  attachments  are  the 
muule  brakes,  but  because  of  the  high  blast  pressures 
they  produce  at  the  rear  of  a  gun  only  brakes  of  me* 
dium  and  low  efficiencies  are  generally  utilizahla. 
These  may  be  constructed  as  light  units.  So  long  as 
only  moderate  braking  efficiencies  are  required,  attach¬ 
ments  may  be  constructed  that  inhibit  flash  or,  at 
least,  that  do  not  accentuate  it.  Freedom  from  obscu¬ 
ration  of  target  it  more  difficult  to  ensure,  but  the  seri¬ 
ousness  of  the  problem  may  be  diminished.  By  taking 
advantage  of  the  strongth  of  the  elevating  mechanism, 
the  blast  may  bo  turned  slightly  upward  and  this  is 
sufficient  to  reduce  obscuration  substantially  at  nor¬ 
mal  boro  heights.  At  low  bore  heights,  slight  upward 
deflection  ii  insufficient  to  ensure  visibility  of  target, 
but  by  proper  diffusion  of  the  deflected  jets  it  is  pos¬ 
sible  to  uso  a  mat  in  combination  with  the  deflector 
sc  that  obscuration  will  result  only  under  most  ad¬ 
verse  conditions.  These  improvements  can  be  expected 
to  be  less  obvious  when  the  powdor  pressures  are  in¬ 
creased  substantially  shove  their  present  values. 

Tho  full  utilisation  of  the  breaking  action  of  the 
blast  and  a  more  doflnito  solution  of  the  blest  problem 
in  general  may  be  nchievod  by  disposing  of  the  gases 
toward  the  rear  of  tho  gun  or  up  ovor  tho  carriage.  A 
disposal  system  of  this  sort  must  be  incorporated  in 
the  design  of  gun  and  mount  assembly.  Since  1  ill- 
braking  action  is  utilizable  in  this  scheme,  the  great 
reduction  that  may  be  made  in  tho  weight  of  recoil 
roochnniora  and  mount  may  be  sufficient  to  allow  a 
reduction  in  weight  of  the  whole  assembly.  High- 
pressure  guna  con  bo  rendered  practically  recoillcss 
by  the  use  of  such  a  disposal  system. 

By  properly  shaping  the  inner  surfaces  of  the  do- 
Sector  the  blast  can  be  delivered  to  the  return  ducts 
w'thout  tendency  to  bum,  hut  it  is  not  certain  thot 
burning  would  not  occur  at  the  gas  mixes  with  the 
air  in  the  ducts.  To  prevent  burning  it  might  be  nec¬ 
essary  to  uso  a  spray.  In  field  guns  the  transportation 
of  sufficient  liquid  to  provont  burning  would  present, 
perhaps,  a  grave  problem,  but  at  sea  the  problem  of 
spraying  the  gas  in  ducts  would  be  minimized  should 
salt  water  prove  suitable  for  the  purpose. 


Sines  the  equivalent  of  the  obscuration  problem 
does  not  occur  at  sea,  it  should  be  possible  to  obtain 
a  substantial  reduction  of  the  blast  effects  In  a  ahipft 
guna  with  relatively  compact  deflector-duct  systema. 

The  modem  high-pressure  medium -caliber  gun  al¬ 
ready  has  groat  competition  in  the  many  weapons  that 
have  recently  been  developed,  but  it  is  eaaumed  that 
the  highly  mobile  gun  end  the  multiple  gun  antiair¬ 
craft  battery  will  continue  to  maintain  their  plaoaa  in 
the  midst  of  the  now  weapon*.  The  survival  of  inch 
guna  will  no  doubt  depend  largely  on  the  succesa  with 
which  their  blast  ia  i  /ought  under  control. 

•  Investigations  of  blaat  effects  and  of  the  potentiali¬ 
ties  of  blast  deflectors  would  be  greatly  aided  if  the 
scaling  laws  of  blast  phenomena  were  known.  To  de¬ 
termine  these  and  at  the  same  time  augment  our  pres¬ 
ent  knowledge  of  the  emptying  of  guns,  the  following 
programs  are  recommended : 

1.  The  theoretical  investigation  of  tho  interior  bal¬ 
listics  of  a  guu  after  shot  ejection  should  be  continued 
until  t  working  method  for  determining  the  flux  of 
momentum  through  the  muule  is  derived. 

2.  The  systematic  measurement  of  intorior  ballistic 
quantities  should  be  continued.  Records  should  be 
read  fnr  times  after  shot  ejection  at  least  as  long  as 
tho  time  of  travel  of  tho  projectile.  Thia  work  should 
be  done  on  small  arms  as  well  es  on  guns  of  large  cali¬ 
ber  and  should  include  a  range  of  caliber,  tubs  lengths, 
relative  powdor  loads,  and  rates  of  burning  of  powder. 

0.  Work  should  be  initiated  for  determining  the 
distribution  of  momentum  in  the  blast,  that  is,  In 
transient  jets  of  short  duration.  This  problem  pre¬ 
sents  many  difficulties  but  some  solution  should  be 
attempted. 

4.  A  ballintic  pendulum  should  be  constructed  capa¬ 
ble  of  carrying  the  larger  of  the  medium-caliber  guns. 
Such  e  pendulum  would  grestly  facilitate  investiga¬ 
tions  of  recoil  problems. 

Field  attachments  comparAblo  to  the  presont  mux- 
zle  brakes  will  no  doubt  continue  to  be  used  for 
a  long  time.  For  instance,  when  a  gun  crow  is  ade¬ 
quately  protected  by  armor  plato  and  the  gun  fires  at 
high  elevations  it  might  be  possible  to  use  a  high-effl- 
ciency  brake.  It  seems  unlikely  that  small  muzzle  at¬ 
tachments  that  exhibit  properties  vastly  different  from 
those  already  observed  can  be  constructed,  but  the  fol¬ 
lowing  programs  would  be  profitable: 

5.  Full-scale  models  of  brakes  similar  to  that  de- 
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scribed  in  Section  4.5  should  be  constructed  vtith.  veri* 
ous  reversal  sngles.  It  is  believed  that  these  brakes 
win  tend  to  suppress  flash. 

6.  The  effect  t-n  flash  of  simple  multiple-baffle  units 
should  be  investigated  in  various  calibers. 

7.  The  feasibility  of  strengthening  elevating  mecha¬ 
nisms  sad  balancing  existing  gnu  to  taka  deflec¬ 
tor*  of  larger  capacity  which  give  the  blast  greeter 
upward  deflection  then  those  that  have  already  been 
tested  should  be  investigated.  Deflectors  similar  to  that 
shown  in  Figure  13  should  be  constructed  to  full  scale. 

It  quite  certain  that  great  reduction  in  blast 
effects  cannot  be  achieved  with  anything  leu  than  180» 


degree  deflection  of  a  large  fraction  of  the  blast,  fol¬ 
lowed  by  the  effective  muffling  of  the  deflected  gat. 
It  is  still  speculative  to  what  extent  blast  can  he  con¬ 
trolled  by  such  means  One  final  program  is  strongly 
recommended : 

8.  A  180-dogroe  deflector  such  as  that  described  la 
Section  4.8  ehooid  he  constructed  in  a  caliber  no 
smaller  than  90  mm-  Disposal  systems  should  be  in¬ 
vestigated  which  expand  and  cool  the  deflected  gw 
before  the  eventual  baffling  and  ejection  to  the  point 
where  burning  end  flesh  will  not  occur.  If  burning 
cannot  be  prevented  within  such  a  eystem  by  proper 
expansion,  the  effect  of  sprays  ahould  be  investigated. 


« 
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FUNDAMENTALS  OF  TERMINAL  BALLISTICS 


«  INTSODUCnOEt 

H*  ABJtUTT  of  a  weapon  to  neutralise  tn  objective 
depends,  at  least  partly,  on  the  relation  between  the 
amount  of  protection  possessed  by  the  target  and  the 
power  of  the  weapon.  Only  the  attacking  missile  and, 
within  limits,  its  condition  when  it  reaches  the  target, 
and  the  portion  of  the  target  that  ia  attacked  are  un¬ 
der  the  control  of  the  offense  r  the  type,  arrangement, 
and  extent  of  the  protection  are  at  the  disposal  of  the 
defense.  This  competition  between  the  power  of  a 
given  attack  and  the  strength  of  passive  protection 
supplies  the  subject  matter  of  terminal  ballistics.  Spe¬ 
cifically,  terminal  ballistics  is  concerned  v'ih  phe¬ 
nomena  occurring  at  the  target.  Other  divisions  of  the 
general  subject  of  ballistics,  interior  end  exterior,  deal 
with  the  phenomena  in  the  gun  and  the  phenomena 
of  frco  flight  respectively.  This  subdivision  of  tha  sub¬ 
ject  matter  of  ballistics  into  three  parte  is  useful  even 
though  tho  distinctions  an  not  always  eharp  or  even 
applicable  in  all  caees  as,  for  example,  with  rockets  or 
aerial  bomba. 


different  target  materials.  However,  Chapter*  10  and 
14,  which  an  concerned  with  particular  missile-target 
interactions  and  farm  part  of  the  terminal-haDisttoa 
work  of  Division  2,  did  result  in  the  design  of  a  very 
special  bullet  for  training  aerial  gunners  and  in  the 
design  of  sped  si  methods  of  protecting  tanka  against 
shaped-charge  miasilea. 

Chapter*  6,  7,  8,  and  9  describe  the  terminal  ballis¬ 
tics  of  steel,  concrete,  plastic  protection,  and  earth 
from  the  point  of  view  of  the  work  done  in  Division 
8  during  World  War  21.  Huch  allied  work  from  other 
sources  is  included  in  the  text  and  references  in  order 
to  give  a  oonnectcd  picture  without,  of  course,  pre¬ 
tending  to  give  a  complete  review  o i  ell  outside  work 
on  the  same  general  subject.  After  some  early  study  of 
the  terminal  ballistics  of  ordinary  and  armor  steels  in 
general,  the  principal  emphasis  in  tbe  work  on  steels 
was  plsced  on  exploring  the  phenomena  at  high  strik¬ 
ing  velocities  (Chapter  fl).  These  studies  furnish  a 
factual  baeia  for  assaying  future  trends  in  the  develop¬ 
ment  of  both  arms  and  armor  ts  well  as  suggesting 
some  of  the  specific  features  of  projectile  design  for 
hypervelodtiea.  An  extensive  study  of  the  terminal 
ballistics  of  concrete  (Chapter  7)  was  initiated  by  the 
Committee  on  Passive  Protection  Against  Bombing 
[CPPAB]  (later  the  Committee  on  Fortification  De¬ 
sign  [CFD])  to  obtain  information  on  which  a  ra¬ 
tional  design  of  protective  structures,  bomb  shelters, 
and  fortifications  could  be  based.  The  information 
gained  wu  also  of  value  for  the  analysis  of  offensive 
operations.  In  this  same  connection,  work  was  done 
on  the  terminal  ballistics  of  earth  and  soils  (Chapter 
8).  Another  research  program,  of  particular  interest 
to  the  Navy  and  Merchant  Marine,  dealt  with  deter¬ 
mining  the  kind  and  degree  of  protection  afforded  by 
plastic  protection  (British  plastic  armor)  against 
small-arms  fire  (Chapter  9).  Little  or  no  work  wu 
done  during  World  War  II  by  Division  2  on  the  ter¬ 
minal  ballistic!  of  rock,  stone,  gravel,  brick,  wood,  and 
othor  special  materials  which  ore  of  military  interest 
in  this  field. 

It  is  the  purpose  of  the  present  chapter  to  outline 
the  scope  of  terminal  ballistics  and  to  discuss  in  a 
general  way  some  of  the  principal  phenomena  and 
concepts  involved. 


n  THE  WORK  OF  DIVISION  2  IN 
TERMINAL  BALLISTICS 

Different  phases  of  terminal  ballistics  were  studied 
by  Division  2,  NDRC,  during  World  War  II,  the  se¬ 
lection  of  problem!  and  the  emphasis  placed  on  the 
various  research  programs  being  determined  by  prac¬ 
tical  considerations  arising  from  the  needs  of  the 
Armed  Service*.  These  needs,  of  course,  changed  with 
the  favorable  progreao  of  this  war  and  the  resulting 
general  trend  from  defense  to  offense. 

Thus  the  terminal  ballistics  work  of  Division  8  wu 
concentrated  on  certain  selected  problems  rather  than 
on  an  attempt  to  cover  all  of  the  unsolved  problems 
in  the  field.  In  most  cases  the  object  of  tha  research 
wu  basic  information  by  which  operational  designs 
or  procedures  might  be  improved  and  made  more  ef¬ 
fective,  rather  than  the  development  of  a  particular 
device  or  gadget.  Correspondingly,  tne  work  wu 
planned  and  organised  primarily  in  terms  of  the  tar- 
i  get  material  rather  than  according  to  the  missiles  con- 
j  aidered.  Thus  Chapter*  6, 7, 8,  and  9  describe  work  on 
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u  missiles 

Soma  of  th«  conventional  types  of  missiles  in 
shown  in  Figure  1.  Besides  bullets,  projectiles,  and 
bombs,  however,  shaped-charge  weapons,  rockets,  frag¬ 
ments,  etc.,  may  be  considered  missiles  in  a  broad 

,AS  Missile  Properties 

The  principal  properties  of  a  nondeforming  projec¬ 
tile  are  its  weight  W,  caliber  D,  and  shape.  If  a  pro¬ 
jectile  deforms,  these  items  change  during  penetration 
and  aro  therefore  not  sharply  defined.  If  only  subsidiary 
parts  of  a  projectile  deform,  such  as  windshield,  cap, 
or  jacket,  reasonably  good  estimates  of  penetration 
can  often  be  obtained  by  using  only  the  weight,  cali¬ 
ber,  and  shape  of  the  nondeforming  part  of  the  pro¬ 
jectile. 

A  derived  projectile  parameter  which  ia  particu¬ 
larly  useful  in  comparing  phenomena  at  diderent 
scales  is  the  caliber  density  D,  defined  as  lV/d*.  This 
is  a  constant  for  similar  projectiles  of  different  cali¬ 
bers.  For  a  given  typo  of  missile  the  value  of  D  will 
remain  within  a  narrow  range  for  exterior  ballistic 
reasons,  i.e.,  in  order  to  achieve  satisfactory  flight 
characteristics.  This  fact  is  an  aid  in  estimating  the 
weight  of  a  hypothetical  attacking  missile  of  assumed 
caliber.  Thus,  both  foreign  and  American  armor- 
piercing  [AP]  bombs  and  conventional  steel  projec¬ 
tiles  have  caliber  densities  that  usually  lie  in  tho 
iuterval 

D  c=  0.45  to  0.63  lb  per  cu  in., 

with  D  —  0.5 ft  lb  per  cu  in.  as  a  reasonably  good  aver¬ 
age  value.  For  scmi-armor-piercing  [SAP]  bombs  the 
range  ia 

D  =  0.20  to  0.35  lb  per  eu  in., 

with  D  —  0.27  lb  per  cu  In.  as  an  averago.  The  charts 
given  in  Figure  2  will  facilitate  estimates  involving 
caliber  density. 

Missile  Deformation  at  Impact 

Tho  missile  depends  for  its  action  on  the  kinetic 
and  chemical  (explosive)  energy  it  carries  to  the  tar¬ 
get.  Attention  is  restricted  to  the  case  in  which  the 
missile  reaches  the  target  meclianically  intact  sinco 
there  are  separate  treatments  of  the  remote  effects  of 
an  exptosive  missile  transmitted  to  the  target  by  air 
blast,  earth  or  water  6hock,  and  fragments.  Further¬ 
more,  the  mechanical  performance  of  the  missile 


against  the  target  before  any  explosion  take*  place 
stands  in  the  forefront  of  out  interest. 

At  impact  there  ia  a  competition  between  miaaile 
and  target  in  which  not  only  the  target  but  also  the 
miaaile  may  yield  in  varying  degrees.  Thus  a  steel  pro¬ 
jectile  may  shatter  against  armor,  and  a  general-pur* 
pose  [GP]  bomb  or  high-exploaiv*  [HE]  shell  may 
deform  or  rupture  against  concrete.  In  both  case*  % 
considerable  indentation  into  the  target  may  still  bt 
achieved,  even  though  it  it  lest  than  would  be  pro¬ 
duced  by  a  nondeforming  missile.  Some  of  the  typical 
features  of  Service  missiles  that  are  involved  in  tha 
question  of  deformation  or  breakup  may  be  seen  in 
Figure  1.  Thus,  the  function  of  an  armor-piercing  cap 
is  to  improve  the  terminal  ballistic  perft  nuance  of  a 
projectile  against  an  armor  target  by  inhibiting  the 
breakup  or  shatter  of  the  remainder  of  the  miaaile.  A 
windshield  is  added  to  the  nose  of  some  projectiles  to 
improve  their  exterior  ballistics;  against  targets  like 
amor  or  concrete  this  windshield  ia  crushed  and  swept 
away  during  the  first  stages  of  penetration.  Interior 
ballistic  considerations  have  resulted  in  the  provision 
of  a  soft  metal  jacket  on  small-arms  bullets  to  give  the 
barrel  a  longer  life  when  many  rounds  have  to  be 
fired;  against  steel  amor  or  concrete  these  jackets  are 
soon  tom  oS  even  when  the  core  remains  intact. 

Except  for  some  cases  at  high  obliquity  against  thin 
plates,  shatter  or  deformation  handicaps  a  miseilo  with 
respect  to  the  target  The  breakup  of  small-caliber  AP 
cores  in  plastic  protection  was  found  to  le  an  essential 
factor  in  tho  performance  of  tho  latter  as  a  target 
When  fragments  from  on  explosive  shell  or  bomb  are 
considered  as  individual  missiles  their  target  effect  is 
greatly  influenced  by  breakup  :  this  is  trua  to. such  an 
extent  that  it  is  difficult  to  devise  experimental 
methods  for  recovering  fragments  intact  for  tho  pur¬ 
pose  of  assaying  their  original  6ize,  shape,  and  weight 
distributions  os  functions  of  direction  from  the  shell 
or  bomb.  Tho  extreme  case  of  complete  projectile  shat¬ 
ter  without  sensible  effect  on  the  target  was  proposed 
and  given  a  satisfactory  practical  solution  in  the  fran¬ 
gible  bullet  for  gunnery  training  (see  Chapter  10). 

•A  U  IP  ACT  CONDITIONS 

Tho  principal  impact  conditions  which  need  to  be 
specified  are  striking  velocity  the  striking  obliquity 
or  angle  of  incidence  0,  and  the  yaw.  Tho  last  two  art 
defined  in  Figuro  3,  together  with  several  other  terms 
relating  to  tho  geometry  of  impact.  Bombs  and  pro- 
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RESULTS  OP  IMPACT— PENOTR/TtON  AND  PERFORATUM* 


IS? 


jectiles  an  designed  to  minimise  yaw  ia  flight,  and  it 
nay  ba  atatuned  in  moat  terminal -ballistic  problem 
that  the  yaw  ia  t an  "*1**  otherwise  obaerred  or  aped* 
fled.  Increasing  yaw  tends  to  decrease  the  penetrating 

sasttwaM 
MMtaaaswr  asm 


Floras  S.  Geometry  of  kapeeL 

ability  of  a  projectile  or  bomb  and  to  its 

chances  of  deformation  and  breakup. 

The  performance  of  a  projectile  against  a  given  Ur> 
get  usually  increases  with  striking  velocity  and  de¬ 
creases  with  increasing  obliquity.  However,  each  of 
these  factors  also  tends  to  increase  the  likelihood  of 
projectilo  shatter,  which  can,  in  some  ca eu:t  exactly 
reverse  the  expected  trends.  Thus  a  projectile  that  de¬ 
feats  a  plate  at  a  certain  striking  velocity  may  shatter 
at  a  higher  velocity  and  fail  to  defeat  it.  On  tha  other 
hand,  a  projectile  that  ricochets  intact  at  a  certain 
obliquity  may  actually  produce  deeper  indentations 
or  even  perforation  at  a  greater  obliquity  if  this  causes 
•hatter. 

M  RESULTS  OF  IMPACT  — 

PENETRATION  AND  PERFORATION 

In  concidcring  the  effects  on  the  target  it  is  useful 
to  distinguish  between  penotration  and  perforation, 
particularly  when  tho  projectile  remains  to  one  piece 
and  does  not  break  up.  With  breakup  of  the  missile 
some  parts  may  pan  through  the  target  while  others 
are  stopped.  In  a  strict  sense  the  tore  pinitration 
is  reserved  for  the  entry  of  a  projecti'.e  into  a  target 


without  passing  through  it.  The  phrase  “penetration 
into  a  massive  target"  or  simply  “mtasivs  penetra¬ 
tion*  ia  often  used  when  there  is  no  bulging  or  rap¬ 
ture  of  material  at  the  back  face  of  the  target,  this 
being  taken  as  evidence  that  the  penetration  in  rack 
cases  do ee  not  depend  on  the  finite  thickneea  of  tha 
target  The  term  perforation  is  need  spodflcally  whaft 
tiie  projectile  passes  completely  through  tha  target 
•lab  or  plate.  In  the  transition  region  between  massive 
penetration  and  perforation  the  proximity  of  the  back 
face  «f  the  target  permits  a  greater  penetration  than 
would  be  obtained  with  a  thicker  target  under  the 
same  conditions.  In  other  words,  in  the  transition  re¬ 
gion  the  penetration  is  expected  to  depend  on  the  tar¬ 
get  thickness,  while  massive  penetration  ia 
not  to  depend  on  target  thickneea. 

In  an  idealised  way  Figure  4  shows  the  difference 
iu  the  character  of  the  perforation  hole  made  by  a 
uoiuloforming  projectile  in  concrete  and  steel.  With 
a  brittle  or  frangible  target,  like  concrete,  both  front 


thin  coNurm  taro  tv  steel  tapskt 

Fionas  4.  Perforation  of  thin  concrete  tarfet  and  of 
steel  UrgeL 


and  back  craters  are  formed ;  the  material  ejected 
from  the  front  crater  is  called  spoil,  while  that  from 
the  back  crater  is  called  tcab.  With  a  tough  or  ductile 
target,  like  steel,  the  displacement  of  material  front 
the  path  of  the  projectile  usually  resulta  in  the  forma¬ 
tion  of  front  and  lack  petals  rather  than  t  separation 
of  the  material  from  tiie  target  at  spall  and  scab. 
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Pxnstuunoy  of  steel  baa  been  studied  more  exten¬ 
sively  than  that  ef  any  ether  material,  bet  util 
World  War  II  few  teata  bad  bean  made  with  platee 
thicker  than  twice  tha  caliber  of  the  projectile.  Up  to 
thit  time  there  had  been  little  interest  in  hearier  plate 
since  it  could  not  be  defeated  with  tha  Service  weapons 
then  available.  Aa  practical  methods  ware  developed 
for  obtaining  higher  projectile  velocities  the  situation 
changed.  It  then  became  necessary  not  only  to  extend 
investigations  to  thicker  plate  bat  to  find  batter  means 
of  preventing  projectile  deformation.  It  ia  now  poo 
slble  to  perforate  homogeneous  amor  almost  10  call* 
here  thick,  but  the  problem  of  armor  perforation  has 
by  no  means  been  completely  solved.*-** 

*“u  Trend  to  Hypervelocitiea 

It  hu  always  been  true  thet  method#  of  defense 
have  advanced  to  neutralise  tha  destructive  power  of 
existing  weapons.  During  World  War  II,  for  example^ 
tanks  were  made  lew  and  lew  vulnerable  by  progres- 
sively  increasing  the  amount  and  improving  the  ar¬ 
rangement  of  the  protective  armor.  Before  World  War 
II,  the  principal  antitank  weapon  of  tha  United  States 
was  the  37-mm  gun;  at  the  end  of  the  war  a  90-mm 
gun  firing  a  high-velocity,  tungsten  carbide  cored  pro¬ 
jectile  was  being  used,  end  more  effective  weapons 
were  being  developed. 

Improvements  not  only  in  tank  armor  but  in  all 
types  of  passive  protection  may  ha  expected  to  con¬ 
tinue  and  guns  must  likewise  bo  made  more  effa  u\a 
to  match  these  improvements.  There  arc  three  con¬ 
ventional  methods  by  which  greater  effectiveness  can 
be  obtained : 

1.  Aa  better  methods  of  handling  guns  aro  devel¬ 
oped,  their  maneuverability  is  increased.  This  permits 
the  replacement  of  small  weapons  by  guns  and  pro¬ 
jectiles  of  larger  caliber. 

8.  By  continued  Improvements  in  design,  guns  of 
all  calibers  can  be  made  more  powerful. 

3.  The  ability  of  any  gun  to  perforate  armor  can 

•  Pertinent  to  War  Department  Projects  OD-75,  CE-A, 
and  CE-fl;  and  to  Navy  Department  Project  NO-U. 

*  Bee  Chapter  A. 

•  Bee  Weapon  Data  Sheets  2C3,  2C3a,  2C4,  2CA\  2Cfia, 
2CA,  2C7  ol  Cbaptsr  19. 


of  the  subcaliber  type. 

Merely  increasing  the  rise  of  a  gun  obvioualy  offers 
only  a  partial  sotution  to  the  problem;  advances  must 
come  mainly  from  the  development  of  cure  powerful 
guu  and  of  better  subcaliber  projectiles.  Advances 
along  either  of  these  lines,  involve  tha  use  of  what 
are  now  termed  hypervelocitiea,  velocities  in  excess  of 
8, COO  fps.  The  practicality  of  projectile  velocities  in 
this  range  has  already  been  well  demonstrated;  numer¬ 
ous  gun  and  projectile  combinations  resulting  in 
hypervelocitiea  have  been  developed  and  certain  of 
these  have  been  successfully  used  in  combat  Possi¬ 
bilities  for  substantial  improvements  have  not  been 
exhausted,  however. 

Hypervelocity  Projectiles 
in  World  War  II 

The  possibility  of  the  practical  use  of  hyperveloo- 
itiea  was  well  recognized  before  1041,  but  suitable 
methods  for  obtaining  these  velocities  had  not  boon 
worked  out.  Tho  idea  of  the  tapored-bore  gun*  as  well 
oa  the  subcaliber  projectile*  for  itsndard  guns  wee 
not  new,  and  efforts  were  continually  being  made  to 
overcome  gun  erosion  so  that  the  power  of  conven¬ 
tional  guns  could  be  increased  without  unduly  short¬ 
ening  their  life. 

Interest  in  unconventional  methods  of  gun  and 
projectile  design  was  intensified  in  1041  because  of  a 
report  from  the  Libyan  campaign  in  North  Africa 
that  tho  Germans  wore  using  a  hypcrvoloctiy,  tspered- 
bore  gun  as  on  antitank  weapon.  Actually  this  gun 
was  not  extensively  used,  but  it  did  lead  to  a  mom¬ 
entary  setback  in  morale  and  consequently  provided 
a  spur  to  programs  for  the  development  of  hyperveloc¬ 
ity  weapons  in  the  United  States,  England,  and  Can¬ 
ada.  Before  the  end  of  World  War  II  all  countries  had 
successfully  employed  in  combat  high-velocity,  tung¬ 
sten  carbido  cored  projectiles  which  were  provided  for 
guns  of  various  calibers.  The  principal  Service  type  of 
the  Americans,  hyptndocity  armor-piercing  [HVAPJ, 
and  of  Uie  Germans,  armor-piercing  [AP  40],  waa  tha 
composite  rigid;  that  of  the  British,  armor-piercing 
discarding  eabot  [APDS],  was  the  discarding  aabot. 
It  ia  perhaps  worth  noting  that  none  of  these  projuj- 
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tile*  required  modification  of  standard  gone;  the  gone 
could  therefore  he  need  to  fire  alternatively  projectiles 
of  conventional  and  aubcaliber  type*.  The  develop* 
ment  of  other  methoda  had  been  brought  to  a  success- 
ful  concluaion  but  theie  methoda  vara  not  widely  need 
fa  the  theatera  of  operation. 

In  t&e  United  Etatae  die  work  la  deviaiag  and  de¬ 
veloping  methoda  for  obtaining  hypervelocitiea  eraa 
carried  out  by  Diviaion  1,  NDBC,  and  the  Army 
Ordnance  Department  Additional  itudiea  of  the  ter* 
minal-balliatic  aspect  of  the  problem  were  made  by 
Diviaion  2,  NDBC. 

The  need  for  a  program  to  Investigate  the  terminal- 
balliatio  phase  had  been  emphasised  by  another  re¬ 
port  from  the  Libyan  campaign.  It  appeared  that 
gum  firing  2-poundcr  AP  shot  were  much  Ices  effec¬ 
tive  at  point-blank  than  at  longer  ranges.  This  appar¬ 
ently  anomalous  behavior  resulted  because  at  the  high 
velocity  near  the  muzzle  the  shot  completely  disinte¬ 
grated  on  impact,  but  at  greater  distances,  having 
lost  some  of  its  velocity  in  flight,  it  remained  intact.* 
The  reduction  in  penetrating  ability  due  to  breakup 
of  the  shot  far  offset  any  advantage  that  might  have 
been  expected  because  of  its  greater  striking  energy 
at  the  muzzle.  Thus  there  was  early  recognition  of 
the  fact  that  a  projectile  might  become  less  Tather 
than  more  effective  when  its  velocity  ia  increased. 
The  difficulty  in  designing  a  nondeforming  projectile 
still  remains  one  of  the  principal  obstacles  to  the  use 
of  hypervelocity  weapons. 

4X4  Studies  of  Armor  Perforation 
in  Division  2,  NDRC 

Initial  Hytekvxlocitt  Pbooeam 
When  the  hypervelocity  program  was  first  origi¬ 
nated  in  Division  8,  NDRC,  at  the  request  of  tha 
Army  Ordnance  Department  undor  project  OD-75, 
it  was  described  as  an  “investigation  of  tha  penetra¬ 
tion  of  hunogeneoua  and  face-hardened  armor  at 
striking  velocities  of  3,000  fps  and  above.  Testa  wera 
to  be  made  at  t/d  [thickness  of  plate/diamoter  of  pro¬ 
jectile]  ratios  between  2  and  4  and  at  angles  of  obliquity 
ranging  from  0  degree  to  the  maximum  within  the 
capacity  of  the  equipment  Plate  hardnesses  were  to  be 
such  us  to  give  Brlneil  readings  of  260  or  above.* 

Boon  after  work  was  begun,  August  1048,  it  was 
recognized  that  the  original  directive  was  too  limited. 
Actually,  the  testa  were  not  restricted  to  plates  leas 
than  4  caliber*  thick  nor  were  all  firings  conducted  at 
velocities  above  8,000  fps.  Tha  hypervelocity  problem 


is  not  ao  muds  one  of  determining  projectile  perform¬ 
ance  in  *  particular  range  of  "velodtie*  a*  it  is  of  dis¬ 
covering  the  affect  of  increasing  tha  velocity  from 
low  to  high  values. 

OunuLSL  TxucoraL-BaxxmTio  Eto<nmt 
Terminal -ballistic  studies  at  high  velocities  repre¬ 
sented  for  Division  2,  NDBC,  s  natural  extension  of 
earlier  investigations  using  velodtios  that  could  be 
obtained  with  conventional  guns  and  projectiles.*  In 
the  earlier  work,  which  was  carried  oat  for  the  U.  %. 
Naval  Ordnance  Department  under  project  NO-il 
and  for  the  Corps  of  Engineers,  C.  8.  Army,  under 
projects  CE-5  and  CE-6,  interest  centered  mainly  in 
tha  properties  of  the  plate  and  its  ability  to  resist 
perforation.  In  the  later  work,  the  experimental  rang* 
of  velocities  was  extended  from  3,000  to  6,600  fps 
and  tha  emphasis  was  shifted  from  a  study  of  plats 
behavior  to  considerations  of  projectile  performance, 
particularly  as  it  ia  affected  by  deformation.  The  pro¬ 
gram  was  originally  planned  and  continued  to  be  an 
empirical  ‘study  cf  tha  general  problem  of  projectils 
impacts  against  armor  over  the  complete  range  of 
practical  velocities.  It  was  impcssible,  however,  to 
consider  all  type*  of  targets  and  to  investigate  all 
variables  in  projectile  design.  The  teats  were  mainly 
limited  to  impact  conditions  likely  to  be  encountered 
in  combat  and  were  not  primarily  intended  to  study 
basic  physical  phenomena. 

Ptoposs 

The  purpose  of  the  work  was  to  test  the  feasibility 
of  using  hypcrvelocity  projectiles  to  defeat  armor  pro¬ 
tection  and  to  study  the  factors  controlling  perfora¬ 
tion.  The  ultimate  goal  was  to  obtain  data  that  would 
indicate  the  impact  conditions  under  which  projectiles 
of  different  types  would  bo  most  effective  and  would 
serve,  at  least  in  pari,  as  a  basis  for  projectile  design. 

4X4  Scope  of  Present  Report 

The  discussion  in  the  following  sections  is  limited 
mainly  to  those  aspects  of  the  terminal-bailiatie  prob¬ 
lem  covered  by  the  work  of  Division  2,  NDBO,  but 
reference  will  be  made  to  parallel  work  of  other  re- 
'  search  groups.  The  report  is  not  intendod  as  a  com¬ 
plete  record  of  all  contributions  nor  as  a  comprehen¬ 
sive  review  of  all  phases  of  the  subject.  For  total  cov¬ 
erage  of  teats  relative  to  high-velocity  impacts,  refer¬ 
ence  should  be  mode  to  British  and  Canadian  reports* 
mentioned  in  the  British  Ordnance  Board  Proceed¬ 
ings,  to  papers  by  Frankford  Arsenal,  and  to  firing 
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record*  of  the  Aberdeen  Proving  Ground.  Other  or* 
ganiutiona  in  the  United  States  that  have  made  fan* 
portent  contribution*  to  the  general  problem  of  armor 
perforation  but  have  not  been  concerned  with  hyper¬ 
velocities  are  Watertown  Arsenal,  Naval  Research 
Laboratories  [N"BL]  and  the  Nani  Proving  Ground 
at  Dahlgrttb. 

u  PROBLEM  OF  ARMOR  PERFORATION 
BY  INERT  PROJECTILES 

Although  a  concise  statement  of  the  problem  of 
armor  perforation  could  be  made,  it  would,  through 
the  omission  of  details,  be  misleading.  Instead  of  a 
definition,  a  brief  discussion  will  be  given  of  th6  gen* 
eral  problem. 

Neither  the  general  problem  of  discovering  the 
most  efficient  means  of  piercing  armor  nor  the  more 
specific  problem  of  designing  a  projectile  to  perforate 
the  maximum  thickness  of  plate  can  be  solved  by 
terminal-b&llistio  consideration*  alone.  The'  ability  of 
an  armor-piercing  projectile  to  defeat  a  particular 
targei  depends  as  much  on  tho  power  and  size  of  the 
gun  and  the  range  over  v/hich  the  projectile  is  fired 
as  it  docs  on  the  plate-projectile  properties  that  con¬ 
trol  perforation.  Considering  a  given  gun,  the  energy 
available  from  tho  powdor  i«  expended  principally 
in  overcoming  frictional  and  engraving  forces  acting 
on  the  projectile  during  its  travel  through  the  gun, 
in  heat  transferred  through  the  wall*  of  the  barrel, 
and  in  supplying  kinetic  energy  to  the  powder  gasc* 
and  to  the  projectile.*  Tart  of  the  energy  possessed 
by  the  projectile  at  the  muzzle  i*  lost  to  air  resistance 
in  flight,  and  only  the  remainder  is  available  for  pierc¬ 
ing  armor.  It  is  the  province  of  interio.  ballistics  to 
trunafer  as  great  a  portion  of  the  original  energy  into 
the  muzzle  energy  of  tho  projectile  os  possible,  of  ex¬ 
terior  ballistics  to  reduce  losses  due  to  air  resistance, 
and  of  terminal  ballistic*  to  use  tho  remaining  energy 
in  the  most  effective  way  for  perforating  the  target 
and  producing  subsequent  damage.  It  is  unfortunate 
that  changes  in  projectile  design  desirable  L'om  a 
terminal-ballistic  point  of  viow  may  be  detrimental  to 
its  interior  and  exterior  ballistic  behavior. 

A  projectile  can  best  uso  its  striking  kinetic  energy 
for  perforation  if  it  remains  entirely  uudeformed  dur¬ 
ing  impact.  This  basic  idea  i*  an  almost  intuitive  con¬ 
cept  which  is  confirmed  by  trials  reported  profusely 

4  Tho  energy  of  rotation  of  the  projectile  and  recoil  of 
the  gun  are  usually  neglected. 


throughout  the  literature.1-'  Only  one  caee  ie  known 
to  the  writer  in  which  this  is  apparently  not  fan*.' 
In  the  attack  of  thin  plate  at  very  high  onglee  of 
obliquity,  a  projectile  of  conventional  nose  shape  may 
ricochet  if  it  remains  intact  and  require  more  energy 
for  perforation  than  a  projectile  that  shatter*.  Even 
«ndar  then  exceptional  conditions  of  attack,  how¬ 
ever,  H  ie  likely  that  if  a  nondeforming  projectile  of 
any  nose  shape  were  poseible  it  could  be  designed  to 
perforate  with  leas  energy  thou  one  that  deformed.’*" 
Although  there  is  general  acceptance  of  the  idea  that 
a  projectile  should  be  kept  intact  if  possible,  a  feeling 
still  persists  in  some  quarters  that  this  is  of  little 
importance  for  high  striking  velocities.  This  is  im¬ 
plied  in  a  well-known  ordnance  book,  which  states  that 
“if  very  high  striking  velocities  are  obtained,  penetra¬ 
tion  is  little  affected  by  the  material  of  which  the 
projectile  is  composed.”  It  is  conceivable  that  this 
might  be  true  at  sufficiently  high  velocities,  but  it  is 
not  true  up  to  5,000  fps,  which  is  higher  than  the 
velocity  of  any  present-day  projectile  in  practical 
use.  In  general,  the  thickness  of  armor  that  can  be 
defeated  by  a  projectile  with  a  given  striking  enorgy 
will  fall  between  the  limit  thicknesses  corresponding 
to  the  extreme  cases  of  a  nondeforming  projectile  on 
tho  one  hand  and  a  perfectly  plastic  projectile  on  the 
other. 

Although  the  nondeforming  projectile  represents 
the  ideal,  this  cannot  be  attained  in  practice,  at  least 
not  under  all  conditions  of  impact  likely  to  be  en¬ 
countered  by  projectiles  fired  from  present-day  guns. 
It  is  therefore  necessary  to  accept  some  sacrifice, 
which  usually  appears  through  tho  addition  of  an 
armor-pioicing  cop.  Although  the  projectile  proper 
may  be  kept  essentially  intact  by  this  means,  there 
is  still  some  loss  in  penetrating  power  due  to  the  dis¬ 
integrate.!  of  tho  cap  itself.  The  cap  will  lead  to  im¬ 
proved  performance  only  for  conditions  of  impact  at 
which  the  uncapped  projectile  deforms  badly  and  the 
deformation  greatly  increases  the  energy  required  for 
perforation.  To  assess  the  feasibility  of  using  a  cap, 
one  must  know  the  performance  of  both  the  uncapped 
and  capped  projectile  over  a  wide  range  of  striking 
conditions.  For  the  uncapped  projectile  it  is  necessary 
to  determine  (1)  tho  energy  required  for  perforation 
when  no  deformation  occurs,  (2)  the  conditions  under 
which  deformation  takes  place,  and  (3)  tho  effect 
of  tho  deformation  in  limiting  perforation.  For  the 
capped  projectile  one  must  find  the  extent  to  which 
the  abovo  factors  are  affected  by  the  addition  of  the 
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protective  material.  All  three  factors  are  altered  by 
changes  in  the  projectile  parameters  It  ia  therefore 
convenient  to  resolve  the  investigation  into  separate 
studies  of  the  individual  variable*,  both  as  they  affect 
the  energy  required  for  perforation  directly  when  the 
projectile  stays  intact  end  indirectly  through  pro¬ 
jectile  deformation. 

The  panmeters  of  a  projectile  an  most  easily  speci¬ 
fied  by  giving  first  the  projectile  type  (monobloe, 
capped,  or  jacketed).  If  the  discarding  pieces  of  a 
sabot  are  not  considered,  all  practical  projectiles  fall 
into  one  of  these  three  categorise,  which  are  pictured 
schematically  In  Figure  1.  Both  the  capped  end  the 
jacketed  projectiles  an  formed  by  adding  protective 
material  to  the  monobloc,  so  that  the  monobloc  is  not 
only  the  simplest  type  but  is  the  basis  of  the  other 
two.  It  is  customsry  to  consider  first  the  performance 
of  the  monobloc  end  then  to  determine  the  effect  of 
the  cap  or  jacket  in  modifying  its  behavior. 

As  far  as  its  performance  oa  an  undeformed  pro¬ 
jectile  is  concerned,  the  monobloc  is  completely  spec¬ 
ified  if  its  size  end  shape  are  uniquely  defined  and 
its  density  givon.  The  size  is  given  by  stating  the 
diameter  (or  caliber)  of  the  projectile ;  the  quantities 
defining  the  shape  ere  then  made  independent  of  size 
by  expressing  them  aa  multiples  of  the  diameter  (i.e., 
in  calibers).  Classification  according  to  shape  is  con¬ 
ventionally  made  by  considering  the  body  and  the 
nose  separately.  Since  the  body  is  usually  in  tho  form 
of  a  circular  cylinder  with  a  square  base,  it  con  be 
specified,  except  for  details,  by  one  quantity,  the  cal¬ 
iber  length.  A  variety  of  nose  ahapea  (tangent  ogival, 
secant  ogival,  conical,  doublo-radius  ogival,  and  com¬ 
bination  of  tangent  ogivo  and  cono)  have  been  used ; 
one  of  the  most  common  is  tho  tangent  ogive  shown 
in  Figure  1.  From  the  size  and  shape  parameters  and 
the  density  one  can  determine,  either  by  direct  in¬ 
tegration  or  by  methods  developed  for  rapid  numerical 
calculation,'  tho  mass,  volume,  center  of  gravity,  and 
moments  of  inertia.  Mesa  and  density  are  not  inde¬ 
pendent  ;  in  practico  it  is  usual  to  give  the  mass.  Thus 
when  the  projectile  can  be  taken  as  a  rigid  body  the 
variables  commonly  considered  are  mass,  diameter, 
nose  Hhape,  and  total  projectile  length. 

If  tho  projectile  deforms,  tho  strength  of  the  mate¬ 
rial  must  also  be  taken  into  account.  A  complete  in¬ 
vestigation  of  this  factor  would  include  not  only 
terminal-ballistic  teats  relative  to  the  occurrence, 
causes,  and  effects  of  deformations  resulting  from 
changes  in  the  projectile’s  strength,  but  also  studies 
leading  to  the  development  of  higher  strength  mate¬ 


rials.  The  latter  aspect  of  the  problem  ia  as  important 
as  the  first,  but  its  solution  is  essentially  the  respon¬ 
sibility  of  ferrous  and  powder  metallurgists  rather 
tb«n  that  of  ballisticisns.  Thia  phase  of  the  subject 
will  not  he  treated  in  the  present  report  Discussion 
will  be  confined  to  questions  concerning  the  dspen- 
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Fiona*  1.  Idealised  projoctil*  types. 

dence  of  performance  on  such  quantities  as  projectile 
hardness  end  bend  (transverse  rupture)  strength. 

No  completely  satisfactory  system  for  specifying 
caps  and  jackets  has  been  devised,  but  just  as  with  the 
core  their  effectiveness  must  depend,  at  least  to  some 
extent,  on  the  mass,  size,  shapo,  and  strength  of  the 
protective  material. 

The  effect  of  changes  b  the  projectile  parameters 
discussed  above  usually  depends  on  the  hardness, 
thickness,  and  arrangement  of  the  plates  making  up 
the  target  Whether  the  principal  emphasis  falls  on 
the  projectile  or  on  the  target  depends  on  whether 
the  interest  is  in  offense  or  defense. 

Ia  summary,  the  terminal-ballistio  problem  of 
armor  perforation  is  essentially  one  of  determining 
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how  t ha  energy  required  to  defeat  a  cteel  target  de- 
pen  dr  oa  the  bum,  die,  ship*,  and  mechanical 
strength  of  the  projectile  component*  as  well  aa  the 
hardness,  thickness,  and  arrangement  of  the  plates 
composing  the  target  The  problem  is  complicated  not 
only  by  the  large  number  of  variables  involved  bat  bj 
the  likely  occurrence  of  projectile  deformation.  The 
eolation  to  the  problem,  which  can  be  obtained  only  in 
a  practical  sense,  must  be  combined  with  solutions 
to  the  problems  of  exterior  and  interior  ballistics  be¬ 
fore  answers  are  possible  to  more  general  questions 
such  as  how  to  design  a  projectile  to  perforate  the 
maximum  thickness  of  plate,  or  what  is  the  most  effi¬ 
cient  gun-projectile  combination  to  neutralise  e  given 
objective.  Actually  no  completely  rational  system  of 
projectile  design  has  been  devised,  bu  .here  Is  avail¬ 
able  a  great  deal  of  qualitative  and  semi-qualitative 
information  on  the  effect  of  changes  in  various  para¬ 
meters. 

di  EXPERIMENTAL  TECHNIQUES  FOR 
TERMINAL-BALLISTIC  STUDIES 

In  problems  concerned  only  with  the  perforation 
of  armor  the  quantity  of  most  direct  practical  interest 
is  the  energy  absorbed  by  the  plate.  Logically,  how¬ 
ever,  torminal-ballistic  studies  should  begin  with  a 
measurement  of  the  forces  resisting  tho  bullet  during 
penetration.  Until  the  nature  of  these  forces,  which 
is  only  partially  understood  at  present,  is  completely 
known  it  seems  unlikely  that  an  exact  theory  of  pro¬ 
jectile  penetration  will  be  developed.  Furthermore,  a 
knowledge  of  force  and  time  is  needed  for  problems 
in  fuze  design  and  for  determining  the  stresses  in  a 
projectile  leading  to  its  deformation.  Only  average 
forces  can  be  calculated  from  the  total  energy  absorbed 
unless  assumptions  are  made  concerning  the  mecha¬ 
nism  of  penetration. 

Unfortunately  it  is  experimentally  very  difficult  to 
determine  the  forces  of  the  plate-projectile  interac¬ 
tion  becauso  of  the  extremely  short  time  of  impact 
Only  a  fow  attempts  at  direct  measurement  have  been 
made  and  these  were  all  carried  out  for  normal  in¬ 
cidence  of  the  projectile.  For  studying  impacts  against 
steel  an  optical  method  has  been  developed  by  which 
a  shadow  of  the  base  of  a  penetrating  projectile  it 
recorded  on  s  rotating  drum  camera,**10  By  e  suit¬ 
able  analysis  the  position,  velocity,  and  deceleration 
of  tho  projectile  may  be  deduced  as  functions  of  time 
from  the  photographic  record.  A  second  method11  of 


measuring  deceleration  during  impact  should  be  men¬ 
tioned,  although  it  can  ba  used  only  with  nonmagnetic 
and  nonconducting  target  materials  like  concrete. 
(See  also  Section  7.7  of  Chapter  7.)  The  method  con¬ 
sists  in  magnetising  the  projectile  arid  recording  tho 
electromotive  force  induced  in  two  suitably  placed 
coils  by  means  of  a  cathode-ray  oscillograph  [CKO]. 
The  target  is  placed  between  the  two  coils  In  a  region 
where  the  induced  electromotive  force  is  dependent 
only  on  the  velocity  of  the  bullet  end  not  on  its  posi¬ 
tion.  With  a  linear  aweep  for  measuring  time,  tho 
trace  on  the  oodllograph  is  a  line,  etch  pcint  of  which 
is  displaced  a  vertical  distance  proportional  to  the 
velocity.  The  deceleration  is  obviously  obtained  as  a 
function  of  time  by  measuring  the  elope  of  the  line 
at  various  paints. 

The  present  report  deals  mainly  with  the  total  en¬ 
ergy  absorbed  by  the  plate.  This  quantity  is  deter¬ 
mined  from  a  knowledge  of  tho  projectile’*  striking 
energy  and  the  energy  it  retains  after  perforation, 
that  is,  the  residual  energy.  Of  particular  interest  is 
the  energy  absorbed  when  the  plate  just  succeeds  in 
stopping  the  projectile.  If  tho  striking  energy  is  above 
this  limiting  value,  the  projeetile  will  usually  per¬ 
forate;  if  it  is  below,  it  will  fail.  Sometimea,  however, 
the  projectile  fails  at  the  higher  energy  and  snccoeda 
at  the  lower. 

The  limit  energy  is  conventionally  measured  either 
by  “bracketing”  or  by  the  method  of  reeidual  veloc¬ 
ities.  To  determine  e  bracket,  firings  ere  conducted  by 
varying  the  projectile's  striking  velocity  until  shot* 
ere  obtained  close  to,  but  on  either  aide  of,  the  limit; 
the  limit  energy  is  then  calculated  from  the  average 
value  of  the  bracketing  velocities  and  the  projectile's 
moss.  The  method  of  residual  velocities10  is  more  ele¬ 
gant  but,  because  of  practical  difficulties,  is  restricted 
mainly  to  normal  attack  by  nondeforiaing  projectiles. 
In  this  method  several  projectiles  are  fired  at  differ¬ 
ent  velocities  above  the  limit  and  the  striking  and 
residual  velocities  measured  for  each  shot  If  the  resid¬ 
ual  energies  are  plotted  as  a  function  of  the' strik¬ 
ing  energies,  the  points  representing  the  different 
shots  fall  on  a  straight  line  and  extrapolation  of  this 
line  to  the  striking  energy  axis  gives  the  limit  energy. 

In  the  conventional  terminal-ballistic  range  the 
equipment  consists  of  guns  for  propelling  the  projec¬ 
tiles  to  the  target,  means  for  supporting  and  orienting 
the  plate,  apparatus  for  measuring  striking  and  resid¬ 
ual  velocities,  and  auxiliary  dovices  such  ea  micro- 
flash  end  sp<uk  units  for  observing  the  projectile  be- 
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fore,  during,  and  alter  perforation.  Each  investigate* 
natorallj  has  his  own  techniques;  only  those  used  by 
Di  ritian  %,  NDBC,  will  be  described. 

4X1  Projectile  Propulsion 

For  studying  the  effect  of  impacts,  an  j  method,  of 
firing  is  satisfactory  provided  the  projectile  arrives 
at  the  target  in  good  condition,  without  yaw  and.  with 
sufficient  velocity.  Ease  in  performing  and  preparing 
for  a  teat  ia  often  the  principal  consideration  in 
choosing  between  possible  methods. 

The  use  of  e  smoothbore  gun  wss  suggested  by  the 
need  for  firing  simple  projectiles.  Actually  tha  manu¬ 
facture  of  projectiles  consumes  s  great  deal  more  time, 
effort,  and  money  than  the  carrying  out  of  a  plating 
trial.  Thru  any  simplification  in  the  design  of  a  pro¬ 
jectile  which  does  not  affect  ita  perforating  ability 
represents  a  tremendous  saving.  Aside  from  this  sav¬ 
ing,  simplification  ia  at  times  necessary;  for  example, 
in  studying  the  effect  of  jackets,  unjacketod  pro  j  en¬ 
tiles  must  be  fired  for  comparison.  The  smoothbore 
gun  does  not  require  the  use  of  a  rotating  band  or 
jacket  and  makes  the  problem  of  cap  attachment  much 
simpler  since  the  cap  ia  not  subjected  to  centrifugal 
forces.  Lack  of  rotation  baa  been.shown1*  to  have  a 
negligible  effect  on  the  projectile's  perforating  ability. 

Such  a  gun  has  been  successfully  used  for  work  at 
model  scale**  (.244  caliber)  over  a  four-year  period. 
Yaw  is  avoided  by  placing  the  muule  of  the  guu 
within  6  in.  of  the  target,  which  it  mounted  on  a 
ballistic  pendulum  to  allow  measurement  of  tha  strik¬ 
ing  velocity.  Since  blast  from  the  gun  would  affect 
the  pendulum,  the  projectiles  are  fired  through  a  piece 
of  rubber  covering  a  hole  in  a  metal  blast  shield.  By 
using  an  oversized  chamber  and  long  barrel,  unjack¬ 
eted  tungsten  carbide  projectiles,  having  a  caliber 
density  about  twice  that  of  conventional  steel  projec¬ 
tiles,  have  been  fired  at  velocities  up  to  3,850  fpa. 

In  order  to  attain  higher  velocities  and  to  work 
with  larger  calibers,  composite  rigid  and  sabot  pro¬ 
jectiles  have  been  used  in  standard  guns.  Tapered- 
bore  guns  or  guns  with  tapered  muule  attachment# 
are  not  only  complicated  in  themselves  but  require 
jacketed  projectiles  that  are  difficult  to  manufacture. 
The  composite  rigid  is  usually  the  easiest  byperveloc- 
ity  type  to  make  but  often  esuoot  be  used  because  of 
the  jacket  Any  type  of  subprojectile  (inonobloc, 
capped,  or  jacketed)  can  be  used  with  s  sabot.  Much 
simpler  sabots  can  be  used  for  terminal-ballistic  tests 
than  are  required  for  combat  since  extreme  accuracy 


is  not  important  and  yaw  can  be  reduced  st  the  target 
by  tatting  the  gun  at  a  wuniwinm  yaw  distance.  The 
principles  of  sabot  design  are  given  in  s  report**  by 
the  Division  1,  NDRC  group  et  tha  University  of 
New  Mexico, 


m  Plate  Suspension. 

Test  has  shown1*  that  the  method  of  plate  support 
is  of  secondary  importance  in  controlling  the  energy 
required  for  perforation.  Thus,  in  the  extreme  esse 
of  e  rigid  support  oo  the  one  hand  and  perfectly  free 
suspension  on  the  other,  e  free  plate  weighing  only 
cix  times  as  much  as  the  buQet  required  8  per  cent 
more  energy  for  perforation.  It  is  probable  that  tha 
difference  would  be  less  for  plates  of  reasonable  else. 
The  lateral  dimensions  of  the  plate  are  likewise  not 
of  prime  importance  provided  the  extent  is  sufficient 
to  include  the  principal  region  of  plaatie  deformation. 
The  insensitiveness  of  these  factors  implies  that 

(1)  no  form  of  springs,  cushions,  or  nets  can  add 
substantially  to  the  stopping  power  of  a  target  end, 

(2)  except  in  tenninai-balliatio  testa  requiring  high 
absolute  accuracy,  variations  due  to  differences  in  the 
type  of  support  or  the  extent  of  the  plate  need  be 
of  no  concern  if  the  lateral  dimensions  are  at  least 
25  calibers.  Actually,  testa  are  often  performed  with 
pletea  smaller  than  this  and  it  ia  likely  that  little 
error  is  introduced  by  so  doing,  but  definitive  experi¬ 
ments  covering  this  point  are  lacking  so  this  remains 
a  moot  question. 


Fiouna  2.  Flats  support  (or  termin&l-baUUtlo  tests. 
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One  typo  of  plate  support  tliat  has  proved  eonven- 
lent  for  plate*  weighing  up  to  1  ton  ie  shown  sche¬ 
matically  in  Figure  S.  The  plats  can  bo  shifted  either 
laterally  or  vertically  and  turned  so  a*  to  allow  any 
angle  of  attack.  Several  shots  can  easily  be  taken  on 
the  same  plate  without  shifting  the  position  of  the 
gun.  In  order  to  determine  the  angle  of  incidence  a 
protractor  is  magnetically  attached  at  the  expected 
point  of  impact  before  etch  (hot  The  protractor  if 
set  by  adjusting  an  index  arm  so  thst  it.  is  in  line 
with  the  musile  of  the  gun  as  seen  in  a  mirror  which 
ia  parallel  to  the  face  of  tha  plate. 

441  Velocity  Measurements 

Tho  principal  criterion  for  the  goodness  of  velocity 
measuring  equipment  is  the  attainment  of  accurato 
determinations  at  tht  target.  In  order  to  avoid  the 
vagaries  involved  and  tho  time  consumed  in  making 
corrections  for  vjiocity  lost  in  flight,  the  equipment 
should  measure  as  nearly  as  possible  instantaneous 
values  rather  than  average  values  over  long  base  lines. 
Measurement  of  instantaneous  values,  or  their  ap* 
proximate  determination  by  means  of  a  short  base  lino, 
bos  the  further  advantage  that  higher  striking  veloc¬ 
ities  can  be  obtained  because  the  gun  can  be  fired 
at  short  range;  this  is  particularly  important  when 
light  windshields  are  omitted  to  simplify  the  pro- 
joctilce. 

Measurement  of  both  striking  and  residual  veloc¬ 
ities  can  bo  mmie  far  normal  impact  by  means  of  a 
double  ballistic  pendulum.14-*’  A  transmission  pen¬ 
dulum  supports  tho  target,  and  a  terminal  pendulum 
stops  the  projectile  after  perforation.  For  the  pendu¬ 
lums  described  in  the  reference,  the  overall  probable 
error  in  a  velocity  measurement  made  with  tho  trans¬ 
mission  pendulum  is  0.10  per  ceut  and  with  tho 
terminal  pendulum  is  0.08  per  cent.  These  are  prob¬ 
able  errors  of  the  apparatus  ouly  and  do  not  Include 
errors  in  the  results  due  to  inhomogeneity  of  the  steel 
plates,  spalling  of  the  plates,  etc. 

A  second  instrument, u-‘*  which  also  fulfills  the 
requirement  of  being  able  to  determine  an  essentially 
inotantaneous  velocity  with  good  accuracy,  measures 
tho  tirao  of  passage  of  a  projectile  over  a  very  short 
(1  to  4  ft)  known  distance.  The  base  line  is  defined 
by  two  light  beams,  each  of  which  consists  of  a  nar¬ 
row  sheet  covering  an  arcs  of  about  1  sq  ft.  As  the 
beams  are  successively  interrupted  by  the  projectile, 
electric  pulses  are  generated  by  phototubes  und  trans¬ 
mitted  to  a  spiral  chronograph  which  measures  the 


Fiauiue  3.  VW  of  light  beam*  and  photocell*  tor 
measurement  of  pro]eotil*  velocities. 


time  between  their  reception.  Figure  3  shows  the 
physical  arrangement  of  the  light  beam*  and  photo¬ 
cells.  When  the  light  beams  are  placed  close  to  the 
target  the  quantity  measured  con  usually  be  taken 
as  the  striking  velocity  without  correction.  A  deter¬ 
mination  of  tbo  velocity  can  be  made  within  30  seo 
after  the  shot  with  an  accuracy  of  better  than  0.4  per 
cont  The  principal  limitations  of  the  light  beams  and 
photocells  are  that  they  do  not  operate  reliably  with 
projectiles  traveling  at  speeds  near  the  speed  of 
sound,  and  Urey  cannot  be  successfully  usod  for  mea¬ 
suring  residual  velocities. 

The  heart  of  the  above  equipment  is  tho  spiral 
chronograph  which  was  developed  to  measure  time 
intervals  of  a  few  msec  to  an  accuracy  of  better  than 
1  /xsec.  During  the  lapso  of  time  between  the  two 
pulses  a  spiral  is  traced  out  on  a  cathode-ray  tube  at 
a  constant  known  angular  velocity;  the  spiral  trace 
starts  with  the  first  pulse  and  stops  with  the  sccoud, 
so  that  the  number  of  revolutions  appearing  on  the 
cathodc-ray  tube  screen  ia  a  direct  measure  of  the  time 
interval.  A  picture  of  one  of  the  spirals  with  blank¬ 
ing  spots  at  B.^sec  intervals  io  shown  in  Figure  4. 
A  long  per«istent  screen  is  used  on  the  chronograph 
so  that  a  visual  reading  of  tire  spiral  is  obtained  a* 
well  as  a  photograph. 
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Fionas  4.  Phutogriph  of  spiral  chronograph  tries*. 

Sine*  tight  beams  and  photocells  cannot  be  success* 
fully  used  for  measuring,  projectile  velocities  behind 
the  plate,  epeci&l  equipment  has  been  developed  for 
this  purpose.  The  method  involves  taking  spark  shad* 
owgraphs  of  tho  projectile  at  two  successive  positions 
along  its  path.  From  these  pictures  and  the  geometry 
of  tho  optical  system,  it  is  possible  to  find  the  distance 
traveled  by  tho  projectile  between  exposures.  To  de* 
termine  the  time  between  exposures  aud  thus  the 
residual  volocity,  light  front  the  two  sparks  used  to 
produco  the  shadowgraphs  is  allowed  lo  fall  on  photo- 
tubes  which  actuate  the  spiral  chronograph.  This  ap¬ 
paratus  has  the  advantage  that  in  addition  to  measur¬ 
ing  the  residual  velocity  it  furnishes  a  record  of  tho 
condition  of  tho  projectile  immediately  aftor  perfora¬ 
tion  of  the  plate.  Although  tho  baso  line  ia  variable 
it  is  uever  over  3  ft  The  accuracy  of  measurement  is 
comparablo  to  that  obtained  with  the  light  beams  and 
phototubes,  but  the  time  required  for  making  a  deter¬ 
mination  is  considerably  longer. 

<A4  Auxiliary  Apparatus 

It  ia  often  useful  to  know  tho  condition  of  the  pro- 
joctilo  boforo  and  during  impact  as  well  as  after  per¬ 
foration.  For  this  purpose  spark  shadowgraphs  and 
microflash  photographs  are  used.  Examples  of  such 
pictures  are  shown  in  Figures  6  and  9.  In  this  con¬ 
nection  mention  should  be  made  of  the  multiple-spark 
opparatus,0•,,  developed  in  England  under  the  aus¬ 
pices  of  the  Armament  Research  Department  [ARD]. 


With  this  equipment,  which  ia  bated  on  the  optical 
method  of  Schardin  and  Crum,  a  series  of  spark  pio- 
tares  ia  taken  showing  the  projectile  at  mccesaira 
intervals  during  its  penetration  cycle.  Since  timet 
between  exposures  are  measured,  the  striking  velocity, 
residual  velocity,  and  an  estimate  of  the  deceleration 
at  different  stages  of  penetration  can.  ha  obtained. 


A*  dependence  of  striking  energy 

ON  EXTERIOR  AND  INTERIOR 
BALLISTIC  BEHAVIOR 

Several  attempts  have  been  made  *•*•**  at  calculating 
the  sizo  of  core  for  a  subcaliber  projectile  that  will  lead 
to  perforation  of  the  groatest  tingle  thick  ueaa  of  homo¬ 
geneous  armor.  This  problem  is  similar  to  that  of  find¬ 
ing  tho  best  length  of  projectile  or  the  best  density  of 
material.  In  theso  problems  changes  always  occur  In 
tho  mass  and  sometimes  in  size  of  the  projectile  com¬ 
ponents  and  as  a  result  there  are  variations  in  the 
projectile's  striking  kinetic  energy  as  well  as  in  the 
absorption  of  this  energy  by  the  plate.  Thus  the  max¬ 
imum  energy  that  can  be  obtained  at  the  muzzle  of 
a  given  gun  doponda  on  tho  total  mass  of  the  projectile 
and,  if  a  sabot  typo  is  being  considered,  the  fraction 
of  the  total  muzzle  energy  not  wasted  in  the  carrier 
varies  with  the  relative  masses  of  the  subprojectilo 
and  tho  discarding  pieces.  Of  tho  enorgy  possessed  by 
tho  subpwjectiie,  a  certain  portion  will  be  lost  in 
flight,  and  the  mass  and  size  of  the  subprojectilo  ars 
factors  controlling  tho  extent  of  thia  lost. 

Tho  difficulty  in  calculating  how  the  relative  dis¬ 
tribution  of  energy  changes  with  viriations  in  the  size 
aud  mass  of  tho  projectile  components  lies  in  the  fact 
that  the  ballistic  behavior  cannot  bo  exactly  described 
by  simple  analytical  expressions.  Although  tables  aud 
graphs  aro  routinely  ueed’,•,'•,,  to  compute  the  per¬ 
formance  of  particular  projectiles,  these  will  not  be 
employed  in  tho  present  discussion.  Approximate  ex¬ 
pressions  will  suffice  for  purposes  of  illustration,  but 
it  la  not  proposed  that  these  be  used  for  purposes  of 
exact  design. 

tA  l  Muzzle  Energy  of  Subprojectilo 

An  increase  iu  muzzle  velocity  can  always  be  ob¬ 
tained  with  a  given  bore  and  chamber  by  decreasing 
the  mass  of  the  projectile  and  employing  s  quicker 
burning  powder.  Tho  fojlowing  relation  gives  an  esti¬ 
mate  of  the  total  muzzle  energy  that  can  be  supplied 
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to  %  projectile  of  sum  if  without  exceeding  the  ufe 
maximum  pressure  of  the  gun: 

,(‘  +  H?)-"(,  +  JF>  (1) 

where  sr  k  the  nutule  energy  of  a  standard  talL-calib«K 
projectile  of  men  Sir  end  C  is  the  powder  load.  The 
mussTe  energy  $,  of  the  enbceliber  projectile  is  given 

if. 

♦e-r4*  (*) 

where  Ut  ie  the  mete  of  the  subprojvctila.  If  the  sub* 
caliber  projectile  varies  only  in  size,  its  "caliber  den* 
aity*  will  remain  constant  and  consequently 


where  R  [=  dt/d^  i*  the  ratio  of  the  diameter  of  tire 
aubprojectile  to  that  of  tho  gun.  Thia  aasnmea  that  all 
projectilea  liave  the  tame  shape  ae  a  given  prototype. 

The  total  mass  of  the  projectile  M  depends  on  the 
typo  of  carrier  used ;  for  a  particular  type,  the  mass  of 
the  carrier  Ala{R)  will  vary  in  a  definite  way  with  the 
ratio  R.  Thus, 

U  =  Af,+  il^R)  -  M„ft*  +  *„(»).  (4) 

By  combining  equationa  (1),  (2),  (3),  and  (4). 
the  ratio  of  tbe  muzzle  energy  of  the  aubprojectile  to 
that  of  the  standard  full-caliber  projectile  can  be  do* 


termined  for  a  given  gun  in  terms  of  the  ratio  R,  Thia 
energy  ratio  will  be  designated  E{ 0),  where  the  sero 
in  parentheses  is  inUnded  to  imply  that  tbe  value  Is 
for  point-blank  range.  Thus, 

JT<0)-r**  (•) 

*# 

Thia  ia  a  definite  function  of  B  for  a  given  gun  and 
projectile  type.  Values  of  J£(0)  ere  given  ia  Table  1 
for  R  values  ranging  from  1  to  0.64.  Tha  gun  in  this 
case  ia  t£e  37-mm  M3,  the  projectiles  ere  scale  models 
of  a  particular  atcel  projectile,*  end  al)  values  are 
relative  to  the  performance  of  a  full-caliber  1.96-lb 
projectile  having  a  muzzle  energy  equal  to  that  of  the 
37-mm  M51.  It  will  bo  noted  that  the  velocity  ia  also 
directly  related  to  R,  increasing  aa  R  decreases. 

As  one  would  expect,  the  velocity  of  the  subpro* 
jeetile  increases  but  its  kinetic  energy  decreases  aa 
its  diameter  becomes  smaller.  If  the  caliber  density 
of  the  prototype  were  increased,  not  only  would  tbe 
muzzle  energy  of  the  complete  projectile  be  In  crossed 
for  aubcaliber  projectilea  of  ell  sizes  [equation  (1)), 
hut  a  greater  fraction  of  thia  energy  would  reside  in 
the  aubprojectile  [equation  (2)].*  The  mesa  could  be 
increased  either  by  using  for  tha  core  a  denser  mate* 
rial,  auch  aa  tungsten  carbide,  or  by  increasing  tho 
length  of  the  projectile. 

•  It  U  usually  not  necessary  to  Inoreaae  the  weight  of  the 
canter  in  direct  proportion  to  tbe  increase  In  the  mast  of  tha 
•ubprojeotila. 


Taaui  l.  Performance  of  subeallbcr  steel  projectiles  aa  a  (unction  of  oors  diameter. 


Diameter 

ratio 

Mussle 

velocity 

V . 

Range  (yd) 

R 

C 

1,000 

2,000 

(fp«) 

8(0) 

T(0) 

8(1,000) 

T( 1,000) 

8(2,000) 

BBl 

(37-mm) 

1.00 

2,861 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.00 

8,216 

0.03 

0.03 

1.00 

0.03 

1.00 

0.80 

3,637 

0.83 

1.18 

0.82 

1.16 

0.81 

1.16 

0.70 

4,112 

0.71 

1.28 

0.60 

1.22 

0.67 

1.10 

0.00 

4,628 

0.57 

1.30 

0.63 

1.22 

0.40 

1.16 

(SO- mm) 

1.29 

0.64 

4,046 

0.47 

0.43 

1.20 

0.38 

1.00 

R 

*(*) 

T(z) 


aubproloctile  diameter  • 

gun  diameter. 

energy  of  subprojectllc  at  range  a _ 

energy  of  similar  full-caliber  projectile  et  range  z. 

limit  plate  thjeknesa  of  eubprojcctile  at  range  a _ 

limit  plate  thickness  of  similar  full-caliber  projectile  at  range  s 
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441  Energy  Lou  Due  bo  Air  Resistance 
la  many  cum  a  hypervelpeHy  projectile  lose*  <tn- 
•rgy  in  flight  at  a  greeter  rata  thrs  do  projedtilw 
fired  at  lover  velocities.  At  a 'remit,  the  hypervelocity 
projectile  may  perforata  more  armor  at  the  mania 
bat  loee  this  advantage  it  fired  over  a  long  range. 
This  has  happened  to  often  la  pr amice  that  it  it  aome- 
timet  felt  that  a  hypervelocity  projectile  it  necessarily 
a  short-range  projectile  and  that  ita  incffectivencw 
at  long  ranges  it  dot  to  the  high  velocity  at  which 
it  it  fired.  Actually  an  increase  in  velocity  it  in  ittelf 
ah  advantage;  the  poor  performance  that  hat  bean 
observed  has  always  resulted  because  the  hypervtloo- 
itioa  were  attained  by  using  projectiles  having  low 
ballistic  coefficients. 


For  air  of  standard  density  the  fractiontl  lost  in 
energy  for  a  projectile  traveling  a  distance  da  ia 
given  by: 


de(*)  *£ 

- -  3  — «  — — 

«(*)  <7  * 


.  («) 


where  «(x)  ia  the  energy  of  the  projectile  at  range  x* 
K  is  the  "dreg  coefficient,- 
C[  =  it/uP]  is  the  ballistic  coefficient  for  a 
projectile  of  mass  it,  diameter  d,  and 
form  factor  i. 

Thus,  if  the  drag  coefficient  K  were  independent  of 
the  velocity,  the  fractional  rate  of  change  of  energy 
with  distance  would  also  he  independent  of  velocity. 
Actually,  however,  for  velocitiea  abovo  the  velocity  of 
sound,  K  decreases  as  7  increases  to  that  the  frac¬ 
tional  energy  lou  is  less  (As  higher  the  velocity.  In 
other  words,  if  the  power  of  a  gun  ia  increased  not  only 
will  the  mmole  energy  of  the  projectile  be  greater  but 
thoro  will  be  a  smaller  fractional  low  iu  energy  over  a 
given  range. 

To  determine  the  magnitude  of  this  effect  tbs  vari¬ 
ation  of  K  with  velocity  must  be  known.  For  projec¬ 
tiles  with  a  %o  secant  ogive  (0,  Sited  table),  K 
can  be  represented  fairly  veil  by  in  the  ve- 

lodty  range  between  2,000  and  4,600  fps.  Substituting 
into  equation  (6)  and  integrating  yields 

(7) 

where  F(x)  is  the  fractions!  energy  retained  at  range 
x  (ft),  and 

V 

4=aov,»* 

V  is  a  constant,  0  the  ballistic  coefficient,  and  7,  the 
muszls  velocity. 


An  incream  in  either  the  mosaic  velocity  or  the  bah 
fistic  coefficient  results  in  an  increats  in  the  energy . 
retained  at  a  given  range.  For  a  subcaliber  projectile 
0  decreases  in  direct  proportion  to  A;*  if  the  m oasis 
energy  of  the  subprojectile  were  constant  and  thus  in¬ 
dependent  of  R,  the  increase  in  7,  would  slightly 
more  than  balance  the  decrease  in  C,  bat  since  the 
uruasle  energy  decreases  with  decrease  ia  5,  the  vain* 
of  F(x)  U  somewhat  lew  for  a  tab  than  a  full-ealiber 
projectile.  •  ' 

By  expressing  S(x),  the  ratio  of  the  striking  en¬ 
ergies  of  the  tub-  and  full -caliber  projectiles  at  rang* 
x,  in  terms  of  the  fractiontl  energy  retained  by  each 
projectile 


B(*) 


«,(*)  «,(<>)  F,{x)  K,F,{s) 


(8) 


Values  of  E(x)  are  given  at  a  function  of  R  in  Table 
1  for  1,000-  and  2,000-yd  ranges,  together  with  the 
values  of  S( 0)  that  were  discussed  in  the  previous 
section.  • 

It  will  bo  noted  that  the  ratio  of  the  striking  kinetic 
energy  of  a  aubcaliber  projectile  to  that  of  the  full- 
caliber  projectile  decreases  with  increase  in  range,  and 
that  the  rate  of  decrease  is  greater  the  smaller  the  sub¬ 
projectile.  For  example,  with  R  equal  to  0.7,  the  values 
of  £( 0),  £(1,000),  £(2,000)  are  0.71,  0.60,  0.67  ro- 
spec  lively,  while  with  R  equal  to  0.34  they  are  0.47* 
0.43, 0.88.  Thus  if  hypervelocitiea  are  obtained  by  us¬ 
ing  a  aubcaliber  projectile,  the  performance  relative  to 
that  of  a  similar  full-caliber  projectile  is  likely  to  de¬ 
teriorate  with  range.  This  does  not  mean,  of  course, 
that  the  range  performance  of  a  tungsten  carbide 
cored  subprojectile  will  necessarily  be  worse  than  that 
of  a  full-calibor  steel  projectile ;  in  f aot  it  will  usually 
be  better,  because  tbo  mass,  and  therefore  the  ballistic 
coefficient,  of  the  eubprojectile  will  be  increased  by 
using  tungsten  carbide.  Any  increase  in  the  maw  of 
the  prototype,  either  by  an  increase  in  density  or  in 
length,  will  lead  to  &  larger  value  of  F(x),  which 
means  smaller  energy  losses  in  flight 


t-u  Stability 

Tho  necessity  of  maintaining  stability  is  one  of  the 
factors  setting  a  lower  limit  to  the  diameter  of  a  sub- 
projectile  or  an  upper  limit  to  ita  length.  At  the  mua- 

1  From  equation  (3)  aud  the  definition  for  the  balUstio  co¬ 
efficient  M 

CmwTdTCtR' 

where  e  oonstont  C,  Is  the  ballistic  coefficient  for  the  full -call- 
box  projectile  having  a  diameter  equal  to  the  gun  diameter  dr 
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tie  of  s  fixed  gun  the  liability  factor  3  of  *  rabctBber 
projectile  it  gita*  by 


c_  **R*pAj 

n  - - - 

Kupji*Bi 


(9) 


where  j  ■»  axcraga  projectiU  density  (strictly,  the 
equation  applio*  only  to  projectiles  of  uni¬ 
form  density)* 

ii m.  dimenaionlfeu  coefficient  proportional  to 
moment  of  inertia  about  projectile  axis 
(A  « 

JB,  ■*  dimensionless  coefficient  propo.-tioual  to 
moment  of  inertia  through  center  of  grav- 

■  ity  and  perpendicular  to  projectile  axis 
[5  »  rPd'B%], 

Km  =*  overturning  moment  coefficient, 

P»  =  density  of  air, 

n  a  distance  along  barrel  per  turn  of  rifling 
measured  in  calibers  of  gun. 

As  indicated  by  this  equation,  5  decreases  with  da- 
crease  in  R.*  Due  to  changes  in  A,,  Bt,  aud  Km,  8 
also  varies  with  projectile  length,  decreasing  rapidly 
as  tho  projectile  is  made  longer.  Thus,  if  tho  projectile 
is  to  be  stable,  that  is,  if  5  is  to  have  a  valui  at  least 
equal  to  1,  tho  re  ia  a  maximum  projectile  length  for 
each  value  of  R ;  as  R  becomes  smaller  the  maximum 
length  expressed  iu  calibers  likewise  decreases  and  it 
would  appear  that  the  caliber  length  must  necessar¬ 
ily  bo  less  for  sub-  than  full-caliber  projectiles.  This 
problem  is  complicated,  however,  by  terminal-ballistic 
considerations.  The  tcudcncy  of  a  projectile  to  break 
on  impact  increases  with  its  length  and  this  breakage 
may  degrade  its  perforating  ability.  It  appears  that  in 
many  guns  tho  twist  of  the  rifling  iu  sufficiently  large 
that  the  length  of  a  full-caliber  projectile  So  limited 
by  projectilo  breakage  rather  than  stability.  For  these 
guns  the  full-calibcr  projectile  can  be  sealed  down 
without  producing  instability;  S  then  plays  the  role 
of  s  limiting  factor  for  dotormiuing  the  smallest  value 
of  R  that  can  bo  used.  Only  for  values  of  R  loss  than 
this  ia  the  stability  factor  important  for  determining 
tho  length  of  the  projectile. 

Although  it  appears  from  equation  (9)  that  the 
stability  factor  increases  with  an  increase  in  the  den¬ 
sity  of  the  matorial,  which  would  provide  a  further 
reason  for  using  tungateu  carbide,  this  equation  ap- 

•  Tbs  iUbll  /  factor  doc*  not  doorcase  quits  so  rapidly 
as  R *,  bccauso  for  tupersoaio  velocities  Ku,  Uke  tha  drag 
ooclCrlcnt,  decreases  as  tha  velocity  Increase*.  Tbs  velocity 
that  can  be  obtained  with  a  given  gun  Increases  with  a  d»> 
crease  In  A,  ,«o  Ku  Ukewiio  decrease*  slightly. 


plies  strictly  only  to  monobloa  projectiles.  For  Jack¬ 
eted  projectiles  the  core  must  be  kept  well  forward  to 
gain  full  advantage  of  the  heavier  material. 

***  Striking  Energy  * 

The  greatest  striking  energy  can  ha  obtained  from 
a  given  gun  by  using  a  full-caliber  projectile  mad* 
from  the  most  dense  material  possible  and  having  the 
greatest  length  consistent  with  the  maintenance  of 
stability.  The  advantage  of  the  sub-  over  the  f ull-cali- 
lor  projectile  for  perforating  thicker  armor  results 
solely  from  its  terminal-ballistic  performance  which 
must  be  considered  in  the  determination  of  as  opti¬ 
mum  aixe.  It  ia  also  dear  that  terminal-ballistic  re¬ 
sults  should  be  considered  in  deciding  upon  tho  best 
projectilo  length. 


«■*  STEEL  AS  A  PROTECTIVE  MATERIAL 

Section  6.4  deals  with  the  dependence  of  striking 
energy  on  the  principal  projeotile  parameters.  There 
remains  the  problem  of  determining  the  energy  re¬ 
quired  for  platf  perforation  as  a  fuuclion  of  both  the 
plate  aud  projectile  propertied.  The  pr-xent  section  is 
concerned  with  the  relative  effectiveness  of  armor  pro¬ 
tection  and  with  tho  limit  energy  for  a  nondeforming 
projoctilo.  Except  for  tire  effect  of  changes  ia  urojec- 
tilc  sire  and  weight,  this  section  deals  only  with  the 
properties  of  the  plate. 

*Al  Effectiveness  of  Armor  Protection 

Comparison  with  good  quality  reinforced  concrete, 
which  for  economic  reasons  is  the  usual  basic  mate¬ 
rial  in  fixed  fortifications,  furnishes  an  idea  of  tho 
relutive  effectiveness  of  steel  ns  a  protective  material. 
To  afford  equr.l  protection  against  nondeforming  pro¬ 
jectiles  of  small  and  intermediate  calibers,  homogene¬ 
ous  armor  need  be  only  about  one-sixth"  &3  thick  as 
concrete.  The  armor  has  tho  added  advantage  that, 
duo  to  its  hardness,  it  is  more  likely  to  deform  or  shat¬ 
ter  the  projectilo  and  thus"  further  reduce  its  perfora¬ 
ting  ability.  Furthermore,  spoiling  and  cracking  are 
not  as  likely  with  good  quality  armor  as  with  concrete, 
so  that  it  is  better  able  to  withstand  repeated  attack. 
Even  though  antitank  gnus  were  greatly  improved 
«fter  1940,  it  was  still  possiblo  in  1945  to  build  highly 
maneuverable  armored  tanks  that  were  immune  to 
frontal  attack  except  at  very  short  range. 

The  type  of  armor  protection  most  commonly  used 
consists  of  a  single  plate  of  homogeneous  armor  and 


I 
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the  present  report  deals  mainly  with  this  type  of  tar¬ 
get.  Face-hardened  amor  is  apprecisbly  better  than 
homogeneous  only  if  the  hard  surface  succeeds  in  shat¬ 
tering  the  projectile.  Shatter  can  often  be  prevented 
by  the  use  of  an  armor-piercing  cap  and  when  the  cap 
accomplishes  its  purpose  the  advantage  of  face-hard¬ 
ened  armor  largely  disappears.  At  the  and  of  World 
War  II,  the  face-hardening  process  was  rarely  being 
used  except  for  heavy  plates  in  naval  construction.  It 
might  be  profitably  used  in  small  sires,  however,  if  it 
were  protected  by  a  thin,  spaced  plate  for  cap  removal. 

***  Perforation  Energy — Mechanisms  of 
Plate  Failure 

If  the  energy  required  for  perforation  by  projectiles 
of  a  given  shape  depends  only  ou  the  size  of  the  pro¬ 
jectile,  the  strength  and  thickness  of  the  plate,  and 
the  angle  of  attack,  a  dimensional  analysis  indicatos 
that  the  perforation  formula  roust  have  the  form 

0,(1..)^=^,  no) 

where  «j  (limit  energy)  —  minimum  'uergy  re¬ 
quired  for  perforation, 

Vf  «ss  projectile  weight, 

V,  =  limit  velocity,* 
d  =  maximum  projectile  diameter, 

<  =  plate  thickness, 

0  —  measure  of  strength  of  pluto  material  ex¬ 
pressed  oa  force  per  unit  area, 

3  —  acceleration  due  to  gravity, 
f(t/d,0)  —  genorol  function  of  t/d  and  6, 

6  —  angle  of  incidence. 

Although  there  are  indications  Hat  this  cqu-Mou  is 
not  exactly  correct,  it  is  sufficiently  true  to  provide  a 
simple  basis  for  correlating  experimental  data.  Thus, 
in  Division  2,  NDRC,  Data  Sheet  2C3  of  Chapter  19, 
the  results  of  proof  firing  of  roonobloc  projectiles,  of 
various  sizes  against  homogeneous  armor  ore  repre¬ 
sented  by  plotting  the  specific  limit  energy  WP|/d* 
against  tho  plate  thickness  expressed  in  calibers  t/d. 
The  measured  values  fall  within  a  narrow  band  for 
each  angle  of  attack ;  the  spread  of  the  bands  is  due 

kTwo  limit  velocities  ore  in  oommon  use:  (1)  ralnlnwm 
striking  velocity  required  for  complete  perforation  with  tcro 
remaining  velocity  ("Navy  limit"  (U.8.)  and  "critical  velocity 
or  W/R  limit"  (British)] ;  (2)  minimum  striking  velocity  re¬ 
quired  to  produce  a  bolo  through  which  li^bt  can  be  seen,  the 
projectile  being  removed  if  necessary  ("Army  1*  «.t"  (U.8.) 
and  "balllatlo  limit"  (British)].  Unloaa  otherwise  specified,  the 
"Navy  limit"  will  be  used  in  this  report. 


mainly  to  scatter  in  the  data  and  only  in  small  part  to 
failure  of  equation  (10). 

The  form  of  the  function  f(t/d,6)  depends  e*  the 
mechanism  of  plate  failure.  Ideally  a  failure  may  be 
classified  aa  either  a  plugging  or  a  ductile  type,  bat 
case*  sometimes  occur  in  practice  that  combi  us  (he 
tlsimnlt  of  hath, 

Puiqoino  Famnn 

When  complete  cylindrical  plugs  are  punched  out  of 
the  plate,  experiment  iudicates**  that  /(t/d )  =  (t/d)*. 
Although  thie  form  ia  compatible  with  the  assumption 
that  perforatfon  it  resisted  by  a  constant  shearing 
stress  acting  over  the  surface  of  tho  cylindrical  plug 
during  ejection,  this  picture  ia  undoubtedly  too  sim¬ 
ple.  A  large  resisting  force  probab'v-  acta  on  the  pro¬ 
jectile  only  during  the  initial  stages  of  penetration 
and  then  drops  to  a  negligible  value  when  the  plug  k 
formed. 

Members  of  the  Watertown  Arsenal  Ballistics  Labo¬ 
ratory  have  investigated  the  mechanism  of  plug  for¬ 
mation**-*'  and  suggest  that  the  plug  is  not  neces¬ 
sarily  formed  by  crack  propagation  but  may  be  pro¬ 
duced  by  plastic  deformation  along  a  surface  of  maxi- 
mum  shear.  The  deformation  is  confined  to  a  narrow 
region  in  the  neighborhood  of  this  surface  because  the 
rapid  rate  of  increase  in  the  stress  does  not  allow  time 
for  heat  conduction.  Aa  a  result  there  is  a  largo  tem¬ 
perature  rise  in  the  region  of  maximum  shear  where 
the  greatest  strains  occur.  The  temperature  rise  re¬ 
duces  the  stress  required  for  deformation  and  thus  fa¬ 
cilitates  further  deformation.  Once  started,  the  pro¬ 
cess  is  unstable  so  the  plug  merely  slips  out  of  the 
plate.  This  amounts  to  saying  that  in  an  adiabatic 
process  the  stress-strain  curve  in  shear  has  a  maxi¬ 
mum  and  that  tho  uegative  slope  beyond  the  maxi¬ 
mum  corresponds  to  instability. 

The  mechanism  rf  plugging  is  different  from  that 
of  spalliug.  SpallLg,  which  consists  of  tho  ejection 
from  the  back  face  of  tbe  plate  of  a  thin  circular  disk 
or  irregular  flakes  considerably  larger  than  tho  cali¬ 
ber  of  the  projectile,  usually  results  because  of  planes 
of  weakness  arising  from  excessive  inclusions  and  in- 
homogeneities.  Plates  having  such  planes  of  weakness 
are  usually  eliminated  during  proof  firing. 

Ductiu  Failuhk 

With  homogeneous  plate  in  the  usual  hardneaa 
range  and  projectiles  having  conventional  nose  shapes, 
the  plate  material  is  plastically  deformed  over  a  wide 
region  about  the  point  of  impact;  a  smooth  petaled 
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hob  k  fcodncad  and  a*  material  k  tknn  bum  tha 

1m  Um  tarn  cl  very  thus  plates  (ha  than  % -cali¬ 
ber),  k  equal  to  (i/d)*  whether  Um  plata  petak 
«r  plugs.  It  haa  baa  suggested  by  —ha  oftkaU. 
&  Naval  Pwii|  (bound.**  that  in  Um  ductile  faffnre 
of  a  thin  plate  Meat  cl  the  projactiVk  Map  k  ex¬ 
panded  m  hendiag  back  tha  petals.  With  Um  addi- 
tional  aaaumptioa  that  tha  width  cl  the  petak  k  pro¬ 
portional  to  the  thkkaaaa  of  Um  platq  Um  eonwct 
fcn  tor  f(t/d)  raaalta. 

If  wry  thick  plata  k  weed,  moo!  af  Um  iiiplaaad 
material  k  p— had  kterally  asida  mtker  Uua  forward 
as  ia  tha  case  of  tiua  plain.  Ideally,  if  than  wan  oaly 
lateral  displacements  and  provided  tha  initial  forcaa 
cl  tha  plate  matanal  vara  negligible,  it  would  ha  ex¬ 
pected  that  /(t/d)**(l/d).  Thk  ia  equivalent  to  w 
turning  a  coaatant  pleasure  on  tha  aoaa  af  tha  projec¬ 
tile.  The  praaaura  has  been  interpreted**  u  tha  hydro¬ 
static  pressure  necessary  to  expand  a  cylindrical  hole 
ia  ‘he  plata  by  mo  ring  tha  material  sidewise  until  tha 
radio;  of  tha  hok  U  equal  to  that  of  tha  projectile. 
Although  approximately  true,  thk  ideal  fora  of 
/(i/d)  k  never  exactly  realized  in  practice  area  for 
thick  plata.  one  rcaaon  being  Ihil  with  projectiles  of 
coo ven tional  aoaa  lhapa  aoma  of  tha  material  k  alwaya 
pushed  forward  as  well  as  tide  wise.  During  petal  for¬ 
mation  at  the  hock  u!  the  plata  the  forward  motion 
product*  cracking  sad  banding  inatoad  of  lateral  pho¬ 
tic  deformation. 

Fixarcr  Status  or  Platt  Funexmaxiov  TaxoaY 

At  tha  present  time  there  k  no  physical  theory  of 
armor  penetration  capable  of  predicting  tha  exact 
form  of  )  for  all  plato  thicknamao  Although 

tha  hasic  ideas  and  soma  of  Ilia  details  hart  qualite'iva 
explanations,**  usable  forms  lor  /( i/dj)  must  ba 
obtained  from  firing  data. 

***  Perforation  Formulae — Normal 
Impact 

r  m  for  tha  simplest  type  of  impact  (normal  inci¬ 
dence,  ductile  failure,  nond'Jorming  projectile)  no 
general  analytical  expression  has  been  developed  that 
systematises  tha  results  of  all  recent  (Ling  tests,  but 
approximate  formulas  cso  ba  used  over  restricted 
ranges  in  the  I/d  values.**-*  *-*•■“  Ttse  approxi¬ 
mate  empirical  fomuiss  are  satisfactory  for  practical 
purposes  if  they  ore  not  extrapolated  beyond  tha  ra- 
gior  of  experimental  values  used  for  determining  tha 
constants  of  the  equations 


OxaPannmlnuMMi  - 
TmmitJsuarai  Owmawi 

As  •  Method  of  reporting  experimental  data  and  an 
a  means  of  removing,  to  a  find  approximation,  offsets 
due  to  changes  ia  tha  weight  and  aku  of  tha  projectila 
sad  to  variations  ia  the  thickness  of  tha  pkt%  eahma 
m  aft—  givun  tar  baUkdo  miff  riants*  The  baBktia 
aodflcUnta  in  coauaca  uss  are  k,  F,  and  C,  which  an 
calculated  from  the  following  equations: 


LM3  X  lwQU  * 

(IU) 

(lib) 

v5  -  . 

(lie) 

whan  multiplying  factors  have  bean  need  so  that;  W 
k  expressed  ia  pounds,  V,  in  feet  par  second,  I  in  last, 
and  i  in  feet  Equation  (11a)  for  k  k  commonly  em¬ 
ployed  by  tha  U.  8.  A  my ;  aquation  (lib)  for  F,  by 
tha  U.  S.  Navj ;  and  (11c)  for  <7,  by  Um  Britiah  Ord¬ 
nance  Departments. 

All  three  of  these  expressions  are  special  forma  of 
aquation  (10)  ia  which  /(i/d)  haa  bean  sat  equal  to 
(i/d)*  an d  a  assigned  a  constant  value.  Sima,  as 
pointed  out  <a  the  last  section,  a  is  equal  to  3  for  vary 
thin  plate  and  haa  a  value  near  1  for  thick  plait,  any 
equation  in  which  a  k  fixed  requires  that  the  hdlktie 
coefficient  itself  depend  on  piste  thickness.  F  in  (nit  k 
often  written  ae  F(i/d).  Results  obtained  wits  mild 
steal  plate**  indicate  that  in  going  from  plate  04  to 
AO  calibers  thick,  k*  decreases  by  S3  percen',  0  by 
18  par  cent,  and  F*  increases  by  49  per  cant  A'  though 
ballistic  opaftriaata  are  insensitive  to  rataonahl* 
changes*  la  weight  and  diameter  of  the  project  le,  they 
can  rarely  ba  assigned  constant  valnat  for  tha  purpose 
of  extrapolating  over  a  wide  zaaga  in  plata  tl  icknesa. 

Two-PsaAM»xxa  Foamolas 


Aa  x  second  approximation  for  /(I/d),  ruiueroua 
formulas  have  wean  proposed  that  permit  the  adjuati 
mtu.  of  two  purs*.  -iars  rathar  than  one.  Am  iog  these 


'Tbses  smfckslt  are  not  to  be  eoofusad  *ik  the  bet- 
totftcitti  bi  cstscioff  bAUMioL  Ttn  |iUn  vm 
wed  k  Beaties  144, 
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STESL  A.'  A  noncnVK  MAKUAt 
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For  » rang*  La  IJd  valo—  from  OJtatO  thm  la  vary 
Gttb  te>  Abo—  between  the—  bar  equation*  —  far  aa 
accuracy  in  npnaanting  firing  data  it  ooncanad.  Do- 
■pita  tba  —17  different  forma,  the  differ***—  ia  pro- 
dicta!  tain—  at*  of  tba  aomo  ordar  of  magnitada  — 
tba  «r«i  a— da  in  maaa—ant 


Tba  region  of  particular  interact  for  hjporralocity 
project!!**  ia  far  pUta  thicker  than  t  oaUbara.  Ab 
though  aquntiona  of  tba  type  (11).  (It).  (14).  and 
(IS)  giro  acceptable  ratal ta  for  t/i  batvaan  0.4  and 
IA  whan  tba  parameters  an  adjusted  for  thia  ragtag 
they  an  likely  to  lead  to  aarioua  non  if  they  an  afc 
trapoiated  ta  iargt  vatu—  of  t/d  without  readjustment 
of  C*  and  a.  In  Figon  5  an  gi?an  naolta  obtained** 
with  .544-caliber  projectile*  againat  homogeneous  ar. 
mor  (BHN  455)  L5  to  4JS  caliber*  thick.  Sin-  the 
point*  in  tbia  logarithmic  plot  of  WF*/d*  againat  t/i 
taU  an  a  atraigbt  lina,  it  ia  appannt  that  tho  data 
in  tbia  tang*  of  plat*  Uucknaa—  can  bo  npmantad 
by  aa  equation  of  tba  typa  of  aquation  (14).  Ybr  Aa 
projectile  with  a  L5-c*lib*r  agin  tba  aquation  k 

»4.73X10*y  .  (14) 
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A  general  equation  of  tha  type  of  equation  (IS),  with  it  incidence  only  with  wliliwly  thin  plik 


C,  «ad  «  adjusted  for  the  rang*  ia  plate  thicWw  ho* 
t«wn  (L5  and  1.0,  ia  given  is  Section  64.4.  For  444- 
cel  iber  projectiles  against  hoaaogeoeoaa  plate  (rHN 
255)  thi*  equation  beoomaa: 

-  V»  (♦*  j+ MS)*.  (IT) 

In  tha  region  of  ifi  between  Li  and  1.0  tba  Barit 
velocities  predicted  by  equations  (14)  and  (IT)  for  . 
projectiles  with  tha  same  caliber  density  never  differ 
l»v  more  than  3  per  cent,  which  ia  quite  aoteptehh 
agreement,  considering  that  the  two  equations  vary 
established  independently  from  entirely  different  seta 
of  firing  date**  and  with  projectiles  having  slightly 
different  nose  she  pea.  For  plate  4  calibers  thick,  how¬ 
ever,  equation  (17)  leads  to  a  limit  velocity  04  per 
cent  too  large.  On  tha  other  hand,  the  value  of  n  in 
equation  (14)  must  be  decreased  slightly  (to  approxi¬ 
mately  1.16)  and  the  value  of  C,  increased  to  obtain 
acceptable  nlu«  for  l/i  between  Ql6  and  LA.  In  tins 
regard  it  may  be  noted  that  for  all  plate  thfehnaaaaa 
greater  than  0.5  the  value  of  •  for  plate  of  this  hard* 
bm  is  fees  than  that  need  in  equations  (13)  and  (IS) 
for  calculating  ballistic  coefficients  and  slightly  larger 
than  that  used  in  equation  (14).  If  n  were  exactly  equal 
to  unity,  the  energy  required  to  displace  e  given 
volume  of  |>ute  material  woald  be  constant  ragardkm 
of  the  diameter  oi  the  hole ;  since  e  ia  almost  equal  to 
unity,  this  is  approximately  true. 

In  summery,  there  arc  several  two-parameter  for¬ 
mula*  that  give  acceptable  agreement  with  experiment 
for  plate  between  0.5  and  3.0  calibers  thick,  but  an 
attempt  to  extrapolate  these  equation*  to  predict 
values  for  thick  plate  without  readjustment  of  the 
parameters  may  U  ad  to  serious  error.  For  plaU  thicker 
than  1.5  caliber*,  an  equation  of  the  type  of  opmUoa 
(13)  with  n  approximately  1.75,  is  in  agreer-aoi  with 
measurement*  made  for  one  hard  nail  of  plate. 

04  Perforation  Formula— Oblique 
Impact 

By  limiting  the  discussion  to  nand  (forming  pro. 
jc.tile*  the  case  of  oblique  impact  ia  almost  excluded. 
Tor  angle*  of  attack  near  40  degrees  it  is  impossible 
with  projectile  materials  now  aval  labia  to  keep  any 
in-  t.obloc  type  undftfonned  at  velocities  much  above 
2,509  fpa,  even  whan  the  attack  is  against  toft  hotno- 
K*couu*  armor.  Perforation  limits  can  therefore  be 
determined  for  a  noedeforuung  projectile  at  oblique 


The  problem  of  ohthp*  attach  b  complicated  by  the 
fact  that  tha  projectile  is  acted  on  by  tranrrene 
f arose  which  tend  to  turn  its  axis  away  from  the  nor¬ 
mal  to  the  plate  aa  the  nose  paaaes  through  the  frond 
face  and  toward  tha  normal  n  it  lar.ras  the  beck.  This 
motion  b  evident  from  the  aperk  shadowgraphs  b t 
figure  4.  Ai  a  Merit  ef  this  angular  mntian  the  nxb 
of  Use  hole  usually  makaa  e  larger  angle  with  the 
normal  to  tha  face  of  the  plate  then  the  angle  of  la* 


fSnits  i  Muior.  of  pvofecUb  daeteg  perforation  «f 

this  pkle  a*  eblique  aerio. 


entente  and  the  hole  ia  elliptical  in  shape;  the  cine 
of  the  hole  and  the  energy  absorbed  by  the  plate  b 
greater  than  if  the  projectile  had  not  turned.  At  suffi¬ 
ciently  large  auglee  the  projectile  ricochets  and  in  this 
case  very  little  of  the  piojaetife'e  striking  ecujrgj  b 
absorbed  by  the  piste;  it  ia  merely  redirected.  Aa  cos 
might  expect,  do  satisfactory  general  perforation  for¬ 
mula  exists  for  oblique  attack  by  a  nondeforming 
projectile,  but  equaticus  have  been  reported**  for  one 
particular  case  in  which  the  attack  was  against  very 
thin  plate- 

4X1  Plate  Hard  twin 

A  good  index  of  the  terminal -ballistic  perforrrj-ioe 
of  armor  i*  its  hardness,  which  i*  usually  -pacific 4  by 
the  BrinM  kardnut  hum ktr  [BHNJ.  After  the  limit 
energy  has  been  correlated  with  the  avenge  hsrdr caa 
of  a  plate,  the  chief  variation  in  the  plate’s  behavior 
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malta  from  inhomogsnaitias  introduced  either  by 
poor  heat  treatment  or  by  taduaio—  at  foreign  mate¬ 
rial.  Defects  resulting  from  ioclusicns  are  particularly 
deleterious  if  the  plate  has  been  extenaiTelj  rolled. 
The  defects  axe  then  spread  out  so  that  planes  of 
wnalmaes  axe  produced  which  result  in  laminattaaa. 
fit  the  following  diereeeina  it  win  be  supposed  tlwt 
all  pletae  are  dean  end  nniformly  hardened. 

The  weiatsnee  of  e  plate  increases  with  its  hardness 
up  to  the  point  where  brittle  fsilures  set  in.4^*4 
As  the  hardness  is  increased,  the  petals  at  the  front 
end  back  taem  am  that  broken  off  and  with  further 
increase  plage  am  elected.  Concurrently  with  a  change 


UJ»  Soale  Effort 

Nearly  erery  terminal  ballistic  tnd  JnTofvtng  pro¬ 
jectiles  of  different  diameters  shows  that  for  a  given 
t/d  there  it  a  slight  tendency  for  the  specific  limit 
energy  to  decrease  as  the  caliber  el  the  projectile 
inms  mi  “•**•**  In  other  words*  if  two  projectiles 
exactly  the  same  (accept  far  sins  ere  fired  against 
plates  cl  identical  armor  having  the  same  ealibar 
thickness,  the  larger  projectile  has  a  slightly  lower 
limit  velocity.  This  scale  effect  contradicts  equation 
(lO),  although  not  sorioualy  since  the  effect  ie  small. 

Three  possibilities  bare  been  propoced  as  explain- 


from  a  ductile-  to  a  plugging-type  failure*  the  energy 
required  for  perforation  by  a  nondeforming  projectile 
decreases.  Thus  them  is  an  optimum  hardness  for  a 
given  set  of  imped  conditions,  and  several  investiga¬ 
tions^**  have  becu  carried  out  to  determine  its 
valun 

A  perforation  formula  including  the  hardness  of 
the  plate  ee  a  parameter  has  been  proposed14  by  mem¬ 
bers  of  tbs  National  Physical  Laboratory  (England). 
This  formula  is  based  on  firings  carried  out  with 
seals  models  of  the  t-po under  AP  shot  (caliber  den¬ 
sity,  OlCOS  lb  per  on  in. ;  nose  shape,  1.4-caliber  radius 
with  •‘■veil")  against  pistes  basing  nominal  BHN 
of  %iO,  tOO,  SMb  end  450,  end  ranging  in  thickness 
from  0.5  to  2.0  calibers.  All  shots  were  at  normal 
incidence. 


/  _  I  54,000  \» 

1,7*8 (43.4 V B  ^  -H  747 -  J^ZT^)  ' 


1.  The  simplest  proposal  is  simply  that*  due  to 
difficulties  in  beet  treatment,  the  quality  of  thick 
plates  is  inferior  to  that  of  thin  plates,  to  compar¬ 
isons  at  the  same  t/d  result  in  sa  advantage  for  the 
large  calibers.  In  certain  cases  this  may  play  a  part, 
but  it  is  not  tbc  complete  explanation. 

2.  A  second  suggestion  is  that  the  effect  is  due 
tc  the  decrease  in  the  rate  of  strain  of  tbs  target 
material  with  increase  in  caliber,  smeller  etreeeee 
being  required  to  produce  the  same  strain  at  e  lower 
rate  of  strain.  As  s  result  of  rapid  rate  of  strain  meas¬ 
urements4*  it  has  been  shown  that  in  armor  thia 
effect  is  too  small  to  account  for  the  observed  differ¬ 
ences  in  ballistic  limits.  Furthermore,  the  scale  effect 
has  been  produced  in  static  punching  experiments.*' 

3.  The  third,  end  most  reasonable  proposal,  da- 
peuds  on  the  observation  that  size  effects  occur  ala> 
in  slow  bead  anil  impact  last  of  uotebod  bars.4*4'' 


where  B  ie  the  Brinell  hardness  number,  Bm  is  e  con¬ 
stant  for  a  projectile  of  •  given  site,  and  It*.  d, 
asd  t  have  the  naoal  units  of  lb,  fps,  end  ft,  respectively. 

This  formula  agrees  with  the  following  observed 
facts: 

L  The  curve  of  limit  energy  againet  bardnem  has 
s  broad  maximum.  Thia  means  that  the  exact  value 
of  the  hardness  is  not  critical  and  indicates  why  it  ia 
difficult  experimentally  to  an  optimum 

value. 

8.  The  optimum  hardness  increases  with  t/d  and, 
aa  indicated  by  the  increase  in  2?„  decreases  as  the 
caliber  iaerrerae.  Tbs  variation  of  Bt  with  the  hire  of 
the  projectile  will  be  considered  in  the  next  section. 
The  change  In  optimum  hardness  with  the  projectile's 
■ire,  together  with  the  feet  that  it  ia  more  difficult 
to  make  good  quality  hard  plate  in  large  than  email 
sues,  are  reason*  for  the  common  practir  of  making 
haary  armor  softer  than  light  armor. 


Specifically,  if  d  i*  a  linear  dimension  of  the  speci¬ 
men,  thee  the  work  required  to  fracture  similar  speci¬ 
mens  it  not  proportional  to  d*.  It  is  significant  that 
the  sire  effect  in  static  tests,  just  Ilk*  th*  scale  effoct 
in  armor,  increases  with  brittleness :  it  is  larger  the 
greater  the  hardness  of  a  given  steel.  Since  sue  effect# 
hare  been  observed  for  fracture  bat  not  with  plastic 
flow  it  appears  likely  that  toe  region  near  the  back 
fare  ia  the  one  responsible  for  the  scale  effect.  Except 
for  very  bard  or  inferior  piste  this  it  the  only  reghm 
in  which  cracking  occurs  It  has  been  suggested  that 
sire  end  therefore  the  scale  effect  may  be  connected 
with  the  occurrence  of  inclusions,  which  are  preaaat 
to  some  extent  even  in  good  quality  armor. 

The  scale  effect  has  been  included  in  equation  (18) 
by  allowing  Bt  to  be  a  function  of  the  diameter  of  the 

projectile:  j 

=  500-lMb*,,^,  (12) 

where  it  —  0-1304  ft  Although  a  correction  due  to 
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4  chug*  la  tha  caliber  of  tha  projectile  la  usually 
email,  it.  may  baoma  important  for  hard,  thin  plat* 
since  tha  scale  effect  increase*  with  plata  hardneaa 
and  with  a  dacveaw  in  tha  caliber  thickness.  Aa  an 
indication  of  tha  magnitude  of  tha  e fleet,  a  change 
in  i  by  a  factor  of  9  results  in  a  6  per  cant  change 
In  tike  apedde  Bait  energy  for  1  caliber  thick  plata 
with  BHN  U& 

Applicationa  of  Perforation  Formulae — 
The  Sabot  Projectile 

The  perforation  formula*  jut  diacuaed  are  useful 
for  predicting  optimum  projectile  performance  and 
In  addition,  wider  condition!  where  tha  projectile 
does  not  deform,  they  have  the  following  application* : 

1.  Correction!  of  firing  trial  reaulta  to  a  common 
hardnaaa  bada. 

9.  Determination  of  the  optimum  hardneaa  for  a 
plata. 

3.  Assessment  of  the  effect  of  change*  in  tha  da* 
lign  of  a  projectile  on  ita  perforating  ability. 

With  regard  to  the  laat  point,  it  will  b*  noted  that 
all  the  perforation  formulas  indicate  that  with  a 
given  striking  energy  a  greater  thickness  of  plata 
can  be  perforated  with  a  small  than  a  large  projectile. 
This  advantage  of  a  tubcaliber  projectile  is  pai  tally 
offset,  however,  by  the  fact  pointed  out  in  Section 
4.4.3  that  the  striking  energy  of  s  subprojectile  de- 
cresses  with  its  diameter. 

Equation  (16)1  will  aerve  to  estimate  the  relative 
importance  of  these  two  conflicting  factors.  If  T  =* 
ijip,  where  is  the  limit  plate  thickness  for  the 
subcalibor  projectile  end  I,  is  t!te  limit  for  a  similar 
full -caliber  projectile,  then  in  teima  of  the  ratio  of 
the  striking  energies  B  the  perforation  formula 
bacomsa:  ,  «v  vuee 

T~B(§)  ‘  <"> 
As  previously  used,  R  is  the  ratio  of  the  diameter  of 
the  sul>-  to  that  of  tha  full-caliber  projectile.  Values 
of  T  calculated  for  steel  projectiles  fired  from  a 
37-nun  gun  are  listed  in  Tablt  1  for  values  of  B  from 
1.00  to  U.04  end  for  ranges  of  0,  1,000,  and  9,000  yd. 
Corresponding  values  of  T  have  also  been  calculi  tod 
by  assuming  that  the  steel  of  the  subprojectila  is  re¬ 
placed  by  tungsten  carbide.  The  values  for  the  tung¬ 
sten  carbide  coxed  projectiles  an  contained  in  Table 

l  VUtee  thinner  than  1.4  calibers  will  not  be  considered 
in  the  present  application  For  plain  having  a  BUN  2S0 
and  with  no  chance  la  projectile  diameter  greater  than 
2,  the  scale  effect  should  always  be  email  It  will  be  ee ejected 


9,  wiure,  aa  in  Table  1,  all  results  an  given  relative 
to  the  performance  of  a  prototype  full-caliber  steel 
projectile,  which  la  used  as  tha  standard. 

Although  tha  figures  given  in  Tables  1  and  9  arc 
merely  illustrative,  they  indicate  tha  fact,  born*  out 
by  experience,  that  in  case*  when  projectile  deform** 
tiaa  is  not  a  factor  a  considerable  increase  in  perforat¬ 
ing  ability  results  from  tha  ua*  of  tubcaliber  projao* 
tiles.  They  also  show  tha  affect  of  changing  tha  we^ht 
and  sis*  of  the  aubprojectilo. 

Thus,  by  increasing  the  weight  of  the  tubprojactile, 
the  replacement  of  steel  by  tungsten  carbide  leads  to 
a  real  improvement;  not  only  can  a  greater  thickneee 
of  plat*  b*  perforated  at  tha  murals  but  the  relative 
advantage  of  the  tungsten  carbide  cored  projectile 
increases  with  range.  It  will  be  noted  that  when  da- 
formations  arc  not  considered  the  advantage  of  the 
tungsten  carbide*  is  due  solely  to  it*  greater  density, 
which  lead*  to  a  higher  striking  energy,  and  that  it 
does  not  result  because  leu  energy  is  required  for 
perforation. 

With  regard  to  the  aiae  of  the  aubprojectile.  Table 
1  indicates  an  optimum  diameter  fox  the  steel  pro¬ 
jectile  at  each  range  considered.  This  best  diameter 
increases  with  increase  in  range  and  at  a  given  rang* 
decreases  with  an  increase  in  density  of  tha  oora  mate¬ 
rial.  Fortunately  tha  choice  of  diameter  is  not  critical; 
the  "optimum1*  shifts  elowly  with  range  and  at  a 
given  range  tha  thickneu  of  plate  perforated  does  not 
decrease  rapidly  for  small  changes  in  the  diameter 
near  the  beat  value.  The  most  suitable  diameter  in  any 
particular  esse  depends  on  tha  approximate  range 
over  which  the  projoctila  is  to  be  fired  and  on  the 
exact  type  of  carrier  and  subprojoctil*  being  con¬ 
sidered.  For  particulars,  reference  should  bo  made  to 
the  original  re  porta.  i*J* 

Strictly,  Tables  1  and  9  apply  only  to  normal  attack 
by  monobloe  projectiles,  bnt  the  same  trends  with 
weight  and  aiae  arc  apparent  whan  jacketed  or  capped 
projectiles  an  used  as  prototypes.  This  reaulta  since 
the  general  form  of  tha  perforation  equation  doea  not 
change  appreciably  aa  protective  malarial  is  added 
to  tha  cor* 

U  PERFORMANCE  OF  MONOBLOC 
PROJECTILES 

A  general  discuacion  of  projectile  deformations  with 
particular  reference  to  their  dependence  on  striking 

k  The  advantage  is  slightly  exaggerated  in  the  praeaat  eaee 
because  of  the  aatum^Uan  that  no  heavier  earlier  is  needed 
for  a  tungrtea  carbide  than  a  steal  core. 
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Tomji  2.  Perform  mo*  o t  eubcollber  tungsten  carbide  projectile*  u  a  function  of  con  diameter.  (Petfnrmsnna 
relatiw  to  full-caliber  stwi  projectile  of  dmilcr  chape,  with  the  came  etandard  as  used  tn  Table  U 


Diameter 

ratio 

ft 


Muule 

velocity 

y% 


Range  (yd) 


(27  mat) 
UK 
0.90 
MO 
0.70 
0.50 
(90  mm) 
0.54 


Up*) 

S(0) 

T(0> 

ftiu»0) 

T  (1,000) 

E  (2,000) 

T  (3,000) 

xm 

t04 

t« 

1.10 

1.13 

LS4 

L35 

9,565 

0.90 

1.14 

1.10 

1.34 

1.35 

1.80 

9,870 

0.93 

ITT 

U01 

L37 

1.15 

ua 

5,310 

0i83 

1.41 

0.90 

1.60 

1.00 

L64 

8.533 

0.70 

111 

0.74 

1.60 

0.80 

1.50 

3,055 

0.51 

U» 

0.62 

1.61 

0.50 

1.55 

pin  die  meter 


ft«  - 


■  of  tungsten  carbide  fubprojectiVe  at  i 


T(s)  - 


energy  of  similar  full-caliber  steel  projectile  at  rang*  * 

limit  plate  thickness  of  tungsten  carbide  subproject!!*  at  rang*  » 


limit  plat*  thickness  of  similar  full-caliber  steel  project!!*  at  rang*  s 


conditions  will  be  given  b?fore  considering  effects  due 
to  changes  in  such  projectile  parameters  si  length, 
nose  shape,  and  strength  of  material.  Changes  in  thess 
parameters  are  important  mainly  because  they  control 
deformations  of  the  projectile;  to  a  limited  extent, 
however,  changes  in  length  sod  nose  shape  also  effect 
the  energy  required  for  perforation  even  when  the 
projectile  remains  intact 


44,1  Projectile  Deformations — Dependence 
on  Impact  Conditions 

On  impact,  the  stresses  in  s  projectile,  and  therefore 
its  tendency  to  deform,  increase  continuously  with 
increase  in  striking  velocity.  Although  details  of  the 
resultant  progressive  disintegration  change  with  varia¬ 
tions  in  projectile  characteristics,  the  gcnorid  pattern 
is  the  asms  for  all  On  striking  the  piste  at  velocities 
below  a  certain  critical  value,  whose  magnitude  de¬ 
pends  on  ths  properties  of  tbe  projectile,  the  type  of 
armor,  and  ths  angle  of  attack,  the  projectile  stays 
intact.  As  the  velocity  is  increased  above  thia  value 
the  projectile  deforms  progressively1  until  at  a  auffl- 
ciently  high  velocity  it  completely  diaintegratee  al¬ 
most  immediately  on  impact 

At  a  velocity  (really,  within  a  narrow  range  of 
velocities)  somewhat  above  the  velocity  at  which  the 
initial  failure  takes  place,  the  hole  made  in  the  plate 
changes  from  one  of  approximate  projectile  diameter 


with  smooth  aides  to  one  that  has  a  rough  jagged  sur¬ 
face  and  is  greatly  oversize.  These  two  types  of  hole* 
are  shown  in  Figure  7.  Concurrently  with  a  change 
from  a  small  to  an  oversized  hole  there  it  usually 
an  abrupt  increase  in  the  energy  required  for  perfora¬ 
tion.  When  an  oversized  hole  ii  produced  the  nose 
of  the  projectile  it  always  in  several  small  pieces. 

The  initial  failure  may  occur  either  in  the  nose  or 
in  the  body  of  the  projectile.  If  it  occurs  in  the  body 
there  is  usually  a  considerable  difference  between  the 
velocity  at  which  it  first  takes  place,  the  rupture 
velocity,  and  tliat  at  which  there  ia  a  significant, 
abrupt  change  in  the  character  of  the  hole — the  shatter 
velocity.  In  this  case  there  is  apparently  little  correla¬ 
tion  between  the  rupture  and  shatter  velocities.  If,  on 
the  other  hand,  the  initial  failure  takes  place  in  the 
nose,  this  leads  directly  to  shatter,  which  occurs  with 
projectiles  of  conventional  nose  shape  at  vclocitiea 
only  slightly  higher  than  the  rupture  velocity;  shat¬ 
ter  as  defiued  here11  corresponds  roughly  to  the  point 


1  An  exaeptiou  to  this  statement  sometime*,  though  rarely, 
occur*  when  tb*  initial  feilur*  take*  plooo  in  ths  body  of  the 
projectile.  Projectile*  have  been  observed’  to  break  acre** 
the  body  and  fail  to  perforate  tie  plate  at  a  low  velocity  sad 
yet  perforata  whole  at  a  slightly  higher  velocity. 


■  Because  of  the  elosa  correlation  between  the  rupture  and 
■hatter  velocities  in  the  caae  where  initial  failure*  tak*  pine* 
in  tb*  nose,  value*  reported  fur  the  (hatter  velocity  sometime* 
correspond  to  tbe  velocity  at  which  tbe  initial  failure  ooeuia 
and  sometimes  to  tbe  velocity  at  which  the  nor*  completely 
disintegrate*.  M’  In  feci,  it  ha*  bean  proposed,**  with  tom* 
reason,  that  what  lio*  here  been  catlod  the  rupture  velocity 
(or  nose  failures  be  defined  a*  the  shatter  velocity.  Tbe  term 
shatter  velocity  a*  uoed  in  the  prerant  report  ha*  the  meaning 
originally  assigned  to  it  by  Milne  end  H  inchllff*.*  Shatter 
velocity  defined  in  this  way  ha*  practical  Impo-tanc*  becauee 
it  correspond!  more  closely  than  the  rupture  velocity  o  the 
point  at  which  there  is  an  abrupt  change  In  tbe  energy  ab¬ 
sorbed  by  the  pUte,  but  it  is  difficult  to  measure  end  often  has 
only  statistical  significance.** 
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Tioom  ?.  Holes  produced  by  shattered  and  non- 
ahattered  eteel  cores  In  .60-cibbcr  arrowhead  projectile. 
A.  View  of  exit  aide  of  holes.  B.  Same  holes  si  Ur 
•actioning.  Exit  side  of  holes  to  the  left. 


which,  the  whole  nnee  of  the  projectile  U  removed. 
As  the  angle  of  attack  is  changed,  the  vslnaa  for  ttys 
two  critical  velocities  likewise  change.  For  a  particular 
projectile  and  type  of  armor,  they  may  be  represented 
by  curves**-1*  such  as  shown  in  the  schematic  graph 
of  Figure  8,  where  the  striking  velocity  is  given  as  a 
function  of  the  angle  of  jfttack.  Both  curves  have  their 
greatest  values  for  normal  incidence  and  drop  off  with 


AM H.t  QT  ATTACK  M  OMftU» 


Kiuunrn  8.  ScheL'uxtio  graph  of  critioel  velocities.  Values 
correspond  to  those  for  tungatca  carbide  projectile.1* 

increase  in  the  angle  of  attack;  very  few  teats  have 
been  made  for  large  angles,  but  at  least  in  one  case14 
the  curve  for  the  shatter  velocity  flattens  out  for  in* 
termediate  angles  and  rises  slightly  for  large  angles. 

These  curves  are  given  in  teraa  of  the  striking 
conditions.  Their  exact  positions  depend  on  nose 
shape,  projectile  length,  and  strength  of  projectile 
material.  It  scores  unlikely  that  they  depend  to  any 
considerable  extent  on  the  size  of  the  projectile  or  its 
density,  but  these  factors  have  not  been  thoroughly 
investigated.  They  are  displaced  to  lower  velocities 
when  the  plate  hardness  is  increased*4  but,  at  least 
for  plate  over  1  caliber  thick,  are  relatively  inscaal- 
the  to  changes*  in  plate  thickness.4 

Examples  showing  the  dependence  of  projectile 
deformation  on  striking  conditions  are  given  in  Fig* 
urcs  9, 10, 11, 12,  and  13.  It  is  evident  from  the  spark 
she  do  v.' graphs  of  Figures  9  and  10,  showing  a  tung¬ 
sten  carbide  projectile  just  as  it  emerged  from  the 
back  of  the  plate,  that  tho  projectile  remained  com* 

■  As  an  exception  to  thli,  body  failures  In  tungsten  osrtlds 
eomctlraes  decrease  with  Increase  In  plate  thiclusese.* 
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relet;  this  bulge  grew  with  increasing  velocity.  The 
first  separation  was  the  removal  of  the  tip  of  the  nose 
and  at  a  slightly  higher  velocity  the  projectile  was 
recovered  in  several  pieces.  Pictures  of  piste  sections 
showing  essentially  these  same  stages  of  progressive 
disintegration  are  reproduced  in  Figure  18. 

•a*  Effect  of  Projectile  Deformation  on 
Perforating  Ability 

Except  at  very  'uge  angles  of  impact,  the  increase 
in  perforation  energy  resulting  from  the  onset  of 
shatter  is  considerably  greater  than  the  iucrease  pro¬ 
duced  by  the  body  failures  and  tho  minor  nose  de¬ 
formations  which  occur  in  the  region  between  the 
rupture  and  the  shatter  velocities.  This  effect  of  shat¬ 
ter  is  grestest  at  normal  incidence  where  the  increase 
in  perforation  energy  may  be  as  great  as  100  per  cent 
Although  the  effect  decreases  as  the  angle  of  attack 


_ s  - 
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Fiourv  9.  Dependence  of  projectile  breakup  on  striking 
velocity.  A  ,24-i-culibor  tungsten  carbide  projectile 
("standard";  1-lTll)  after  perforating  X-in.  onld- 
rolled  steel  (Rockwell  B  94). 

plctely  intact  when  the  striking  velocity  and  angle 
of  attack  were  small  hut  broke  across  the  body  when 
these  quantities  were  increased.1*  In  auother  series 
of  shots”  extending  to  higher  velocities  thau  used 
for  tho  pictures  of  Figures  9  and  10,  the  projectile 
was  fired  into  very  thick  armor;  the  picturea  repro¬ 
duced  in  Figure  11  are  X-ray  photographs  taken 
through  sections  cut  from  tho  armor  after  the  impacts. 
For  a  particular  anglo  of  attncK — uote  the  allots  at  0 
and  30  degree* — only  body  failures  occurred  at  the  low 
velocities,  but  at  the  highest  velocity  the  projectile 
broke  into  many  email  piecea.  The  diameter  of  ths 
holes  is  considerably  larger  than  the  original  projec¬ 
tile  diameter  end  the  depth  of  penetration  is  much 
less  than  would  occur  with  an  intact  projectile.  At 
normal,  the  penetration  is  no  greater  for  a  striking 
velocity  of  4,200  fpa  than  for  2, GOO  fpa. 

In  contrast  to  the  behavior  of  tungsten  carbide, 
which  suffered  a  body  fracture,  the  recovered  ateei 
projectiles  shown  in  Figure  12  first  underwent  plastic 
deformation  which  resulted  in  a  bulge  near  the  bour- 
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Kiuuu  10,  Dependence  of  projectile  breakup  on  angle 
of  attack.  A  ,344-caliber  tungiten  carbide  projectils 
("standard”;  1-lTR)  after  perforating  X-in.  cold- 
rolle  l  steel  (Rockwell  B  94). 
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Flo uu  12.  Deformation  of  steel  projectiles  u  (unction  of  striking  velocity  (0*  obliquity). 


increases  until  at  very  large  angles  (greator  tlian  60 
degrees  for  1 -caliber  piste)  the  energy  required  for 
porforation  by  a  shattered  projectile  may  actually  be 
leas  than  for  a  projectile  that  remaina  undeformed,* 
it  is  still  significant  for  angles  of  attack  at  least  aa 
great  as  48  degrees. 

When  a  projectile  is  fired  at  a  velocity  above  its 
shatter  velocity  its  performance  aa  a  function  of 
range  (or  striking  velocity)  may  conveniently  be  de- 
ucribed  by  meant  of  graphs  such  as  shown  in  Figuro 
14.  In  this  graph3  the  performance  is  given  for  a  par¬ 
ticular  angle  of  attack  in  terms  of  the  striking  veloc¬ 
ity  and  thickness  of  plate;  by  meant  of  three  curvet, 
the  shatter-velocity  curve,  the  curve  representing  the 
limit  velocity  with  shatter,  and  the  curve  for  the  limit 
velocity  without  shatter,  the  graph  is  divided  into  four 
regions.  These  regions  are  designated  by  Soman  nu¬ 
merals  and  indicate  the  following  reeults; 

I  No  perforation,  no  shatter. 

II  Perforation,  no  shatter. 

III  No  perforation,  shatter. 

IV  Perforation,  shatter. 


All  four  of  these  results  do  not  occur  for  all  thick¬ 
nesses  of  plate.  Thus  if  the  plate  is  thin,  result  III 
canuot  be  obtained  regardless  of  the  striking  velocity; 
even  though  shutter  occur*  it  does  not  prevent  per¬ 
foration  and  the  projectile  will  defeat  thin  plate  at  all 
velocities  above  its  limit  as  an  unshuttered  projectile. 
For  thick  plate,  result  II  is  missing;  it  is  impossible 
in  this  case  to  perforate  the  pl&te  without  shatter  and 
with  shatter  only  at  very  high  striking  velocities. 
With  pistes  of  intermediate  thicknees,  between  0.8 
and  1.36  in.  in  the  present  example,  all  results  are 
possible;  the  projectile  can 'perforate  plates  of  these 
thicknesses  at  relatively  low  velocities  (at  long  range) 
but  will  fail  at  higher  velocities  (at  short  range) 
because  of  shatter.  At  still  higher  velocities  perfora¬ 
tion  can  again  be  achieved  in  spite  of  shatter,  al¬ 
though,  as  in  the  case  illustrated,  these  velocities  are 
often  above  the  muale  velocity  of  the  gun.  When  per¬ 
foration  can  be  obtained  at  velocities  above  and  below 
but  not  within  a  certain  interval,  the  interval  is  called 
e  ihalttr  gap. 

The  shatter  velocity  in  the  above  example  is  much 
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higher  than  usually  encountered  because  the  graph  ia 
baaed  eo  data  obtained  at  normal  incidence  with  a 
sharp-nosed  projectile.  With  projectiles  haring  more 
conventional  noae  shapes,  or  in  oblique  attack,  shatter 
may  occur  at  velocities  even  below  the  muzxle  veloc¬ 
ities  of  full-caliber  projectiles  fired  from  standard 
guns.  It  was  mentioned  in  the  introduction  that  the 
f-pc  under  projectile  used  by  the  British  in  the  Liby¬ 
an  campaign  failed  to  perforate  German  tank*  when 
fired  at  point-blank  range  but  was  successful  at  long 


A.  Striking  velocity:  2,708  fpe,  oore  rebounded  badly 
bent  but  intact,  aection  at  to*  to  normal.  B.  Striking 
velocity:  3,100  fpe,  aection  at  40*  to  normal.  A  and  B. 
No  perforation,  no  ibatter.  C.  Striking  velocity:  3,385 
fpe,  aection  at  35*  to  normal,  tip  of  note  embedded  la 
plate.  Perforation,  no  shatter.  D.  Striking  velocity: 
4,140  fpe,  aection  at  10*  to  normal,  rear  portion  of 


ranges.  This  resulted  from  the  occurrence  of  A 
gap  which  extended  well  below  8,000  fpe. 

Graphs  similar  to  that  of  Figure  14  may  be  drawn 
for  oblique  angles  of  incidence  as  well  as  for  normal. 
As  the  sngle  of  attack  is  increased,  more  energy  is  re- 
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cere  remained  In  plate  but  waa  removed  when  photo-  i  j 

graphed.  No  perforation,  ahatter.  E.  Striking  velocity:  ,  \ 

4,388  fpe,  aection  at  normal.  Perforation,  shatter.  t. _  —  L -  -  ia,  -  ■  ■ 

Fiovaa  13.  Transition  from  unahattered  to  shattered  projectile  with  tn-f^irg  velocity  (0*  obliquity). 
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qnired  for  perforation,  to  the  two  cnrree  representing 
the  limit  velocities  are  displaced  upward;  on  the  other 
hand,  tits  shatter  velocity  decreases  with  increase  in 
the  angle  of  incidence  so  this  curve  is  displaced  down* 
ward.  The  result  of  these  displacements  is  illustrated 
bj  the  curves  for  0,  SO  and  30  degrees,  reproduced* 
in  Figure  IS.  The  results  of  shots  at  20  degrees  for 
\  thickness  of  plate  including  a  shatter  gap  are  shown 
in  Figure  13.  At  the  larger  angles  the  shatter  gep 
or  curs  at  lower  velocities  end  with  thinner  piste,  but 
ia  extent  is  lets  because  the  difference  between  the 


Fionas  IS.  Perforation  limits  and  shatter  velocities  at 
0*  obliquity.  Steel  cores  of  .344  caliber  against  homo- 
geneoua  armor,  BHN  266-206.** 

Region  I:  No  perforation,  no  shatter. 

Region  *1:  Perforation,  no  ahatUr. 

Region  III:  No  perforation,  shatter. 

Region  It:  PerforatioL,  shatter. 


onorgy  required  lor  perforation  with  and  without 
shatter  has  decreased.  Thus  with  increase  in  the  angle 
of  at  tick  it  becomes  more  difficult  to  prevent  shatter 
ainof  it  occurs  at  lower  velocities  (at  least  for  6  <  40 
degrees)  but  its  effect  in  limiting  perforation  becomes 
less. 

The  effect  of  firing  a  projectilo  at  a  velocity  above 
its  shatter  velocity  ia  only  to  increase  its  effectiveness 
at  long  range  at  the  sacrifice  of  good  performance  near 
tho  muzzle;  there  is  no  overall  gain.  Particularly  at 
hypcrvelocities,  prevention  of  shatter  for  angles  at 
least  up  to  4fi  degrees  is  the  principal  problem  in  the 
design  of  armor-piercing  projectiles.  Avoidance  of  less 
extensive  deformation,  auch  as  s  simple  body  failure* 
is  of  secondary,  although  sometimes  not  negligible, 
importance. 


Projectile  Parameters 

As  mentioned  in  the  introduction  of  this  chapter 
the  parameters  of  a  monobloc  projectile  may  he  con¬ 
sidered  u  its  size  (diameter  i),  ita  length  (either 
total  length  or  length  of  cylindrical  section  4),  its 
nose  shape  (specified  for  tangent  ogive  by  tbs  caliber 
radius  r,),  its  density  and  strength  of  material  (usu¬ 
ally  measured  in  terms  of  hardness  and  bend  or  trans¬ 
verse  rupture  strength).  The  shape  par&meten  are 
shown  in  Figure  1. 

To  be  able  to  specify  a  completely  rational  projec¬ 
tile  design  the  effect  of  changes  in  each  of  these  quan¬ 
tities  on  perforation  limits  should  be  quantitatively 
known;  at  present  it  is  usually  possible  to  indicate 
only  tho  trends  to  be  expected. 

Sr&EKOTH  or  Matsbul 

Projectile  failures  obviously  result  from  a  lack  of 
mechanical  strength.  The  causes  of  failure  are  re¬ 
viewed  in  a  series  of  reports  from  the  Watertown 
Arsenal.**’1*-*4  It  is  pointed  out  that  a  failure  usu¬ 
ally  occurs  as  a  result  of  (1)  shearing  stresses  in  the 
noee,  (2)  lateral  expansion  near  the  bourrelet  pro¬ 
duced  by  axial  compressive  stresses,  or  (3)  tension  in 
the  outer  layers  of  the  body  resulting  from  Lending. 
To  resist  tho  shearing  and  compressive  stresses  and 
thus  prevent  nose  failures  the  materiel  should  have  a 
high  hardness;  to  prevent  body  failures  it  should  have 
a  high-bend  (or  transverse-rupture)  strength.  Un- 


Fionas  15.  Perforation  limits  and  ahatter  velocities  at 
O',  20',  and  30*  obliquity.  Steel  ooree  of  .244  oaliber 
against  homogeneous  armor,  BHN  266-296.** 
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fortunately  maximum  bend  strength  usually  cannot 
be  obtained  simultaneously  with  maximum  hardness. 
To  aJleriate  thia  difficulty  steel  projectiles  are  given 
a  differential  heat  treatment  Tho  nose  is  kept  hard 
bat  the  body  softened  to  allow  plaatio  deformation, 
which  relieves  the  tensile  stresses  in  the  outer  fibers. 
By  tins  means  it  is  often  possible  to  prevent  body  fail* 
nrss  in  steel  projectiles  without  increasing  the  Ukeli- 
hood  oi  nose  failures.  This  is  essential  because  a  noee 
failure  lead*  immediately  to  shatter,  which  is  much 
more  disastrous  than  s  body  failure. 

In  the  case  of  cemented  tungsten  carbide  projectiles, 
the  highest  transverse- rupture  strength  that  can  be 
.  obtained,  even  by  sacrificing  hardness,*  is  eo  low  that 
body  failures  occur  at  extremely  low  velocities.  Thus 
the  initial  failure  taking  place  at  the  rupture  velocity 
is  invariably  a  fracture  across  the  body.  The  nose 
remains  intact,  however,  until  the  shatter  velocity  it 
reached,  whereupon  the  whole  projectile  disintegrates. 

A  series  of  tests*''**  carried  out  with  cemented  tung¬ 
sten  carbide  projectiles  of  different  compositions  has 
shown  that,  as  one  would  expect,  the  shatter  velocity 
increases  with  increasing  hardness,  while  the  rupture 
velocity  is  increased  by  an  increase  in  transverse- 
rupture  strength.  Since  by  changing  the  composition 
a  decrease  in  transverse-rupture  strength  always  ac¬ 
companies  an  increase  in  hardness,  the  shatter  veloc¬ 
ity  can  be  raised  by  this  means  only  at  the  expense 
of  lowering  the  rupture  velocity.  Thia  decrease  in  the 
rupture  velocity  is  usually  of  no  practical  importance, 
however,  since  it  is  so  low  in  any  case  that  body  fail¬ 
ures  cannot  be  prevented  with  projectiles  of  conven¬ 
tional  length  under  conditions  of  impact  likely  to  be 
encountered  in  combat. 

For  perforation  of  singlo  thicknesses  of  homogene¬ 
ous  armor  the  best  composition  of  tungsten  carbide  ia 
the  one  giving  the  highest  hardness.  High  hardness 
is  obtained  by  cementing  the  tungsten  carbide  par¬ 
ticles  together  with  a  small  amount  of  binder  and 
this,  fortunately,  leads  to  a  high  density,  which  is  an 
added  advantage.  If  the  target  consists  of  spaced 
pistes,  other  considerations  indicate  that  a  different 
choice  may  be  advisable.*' 

Nob*  Soar* 

Although  the  ultimate  reason  for  projectile  failure 
is  low  mechanical  strength,  the  shatter  and  rupture 
velocities  may  also  be  varied  by  changes  in  other  para- 

*  Although  attempts  have  been  made  at  adjusting  tbs 
hardness  and  tram  verts- rupture  strength  along  the  length 
of  a  tungsten  ear  bids  pruJsotUs,  thetu  trials  hava  not  proved 
suooeiafuLM 


meters.  While  mechanical  strength  is  important  only 
with  respect  to  daforn-Jtiona,  changes  in  the  othar 
variables  may  abo  affect  the  energy  required  for  para 
{oration  when  the  projectile  stays  intact,  or  tha  energy 
and  velocity  with  which  the  projectile  strikes  tha 
piste. 

Changes  in  noee  shape  will  not  affect  tha  striking 
energy,  provided  the  total  projectile  weight  ia  kept 
constant  and  a  windshield  is  used  to  keep  the  external 
contour  the  same.  Thus  the  two  most  important  cri¬ 
teria  of  goodness  are:  (1)  high  shatter  Telocity  and 
(1)  low  perforation  energy  for  the  intact  pro- 
joctile.  **•“•*•"•* 

Iu  Table  8  are  given  the  shatter  velocities  against 
homogeneous  amor  at  0,  IB,  22.5,  and  80  degrees  for 
steel  projectiles  having  tangent  ogives  with  caliber 

Tabus  A  Dependence  of  shatter  velocities  (fps)  on 
noee  shape  and  angle  of  stuck.  Steel  projectiles,  ho¬ 
mogeneous  piste  (BHN  841).* 


Caliber  ogive 


Angle 
of  attack 
(degrees) 

:  '■ 

3.0 

1.5 

1.27 

IsO 

1.27 

and 

0.2f 

0 

4,0001 

6,4001 

s  *  •  a 

«l«* 

16 

,  ,,, 

3,200 

3,050 

2,eoo 

2,360 

224 

•  «  •  e 

2,780 

2,000 

2,600 

2,200 

30 

2,000 1 

2,400 

2,350 

2,460 

2,200 

•Vtlutt  Iskts  non  WoUrlwa  Amsasl  mulls  |i*»a  la  rolmass  SS. 
Tbsss  us  sclustty  ruptun  vtlooitlss. 
t  Doubts  rmdlus  Otftos  wUh  sphortool  Up. 
tminstsj  (ram  mulls  la  rat  trass*  U. 

radii  of  3.0,  l.B,  1.27,  and  1.0,  and  also  for  a  projec¬ 
tile  with  a  0.2-calibor  spherical  tip  used  in  conjunction 
with  1.27-caliber  tangent  ogive.*’-**  At  normal,  the 
projectile  with  the  largest  caliber  radius,  that  is,  the 
one  with  the  most  pointed  nose,  lias  tho  highest  shat¬ 
ter  velocity.  At  30  degrees  the  situation  is  reversed; 
of  the  projectiles  with  a  simple  tangent  ogive,  the  one 
with  the  smallest  caliber  radius  now  has  the  highest 
shatter  velocity.  Thus,  os  far  as  avoidance  of  shatter 
is  concerned,  it  is  an  advantage  to  make  the  projectile 
quite  pointed  for  normal  attack  but  blunt  for  a  80- 
degree  angle  of  incidence.  For  larger  angles  of  attack 
the  order  may  again  reverse.** 

If  the  shapes  are  rated  on  a  basis  of  the  energy  re¬ 
quired  for  perforation  when  the  projectile  stays  in¬ 
tact,  tho  large-radius  ogive  is  again  best  at  normal. 
Thus  in  normal  attack  of  homogeneous  armor  4  cal¬ 
ibers  thick  the  limit  energy  of  a  projectile  with  a  1.5- 
caliber  radius  is  15  per  cent  greater  than  for  cne  with 
a  5.0-caliber  radiui;*'  thia  advantage  decreases  with 
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plate  thickness,  but  the  difference  is  still  4  per  cent 
lor  1-caliber  plate.  At  high  obliquities,  projectiles 
with  a  large  radius  ogive  have  a  greater  tendency  to 
scoop;  since  this  leads  to  a  higher  limit  energy,  a 
blunt-nosed  projectile  becomes  beat  under  these  con¬ 
ditions. 

On  a  basi/  of  both  ratings,  high  shatter  velocity  or 
low  limit  energy,  a  large  radios  has  an  advantage  for 
near-normal  attack  but  not  for  oblique  attack.  Obvi¬ 
ously  a  choice  of  tho  best  shape  cannot  be  made  unless 
the  conditions  of  impact  are  exactly  specified.  A  rela¬ 
tively  blunt  nose,  L25-  to  1.5-caliber  radius,  is  usually 
chosen  because  of  the  difficulty  of  avoiding  shatter 
at  obliquities  between  30  and  45  degrees.  Even  with  a 
blunt  nose,  however,  shatter  cannot  be  prevented  at 
high  striking  velocities  without  the  use  of  a  cap. 

The  above  discussion  was  concerned  with  a  single 
radius  ogive.  It  will  be  seen  from  Table  3  that  a 
rounded  tip  leads  to  lower  shutter  velocities  at  ail 
angles  of  obliquity;  since  this  shape  in  no  case  results 
In  an  appreciably  lower  limit  energy,  a  rounded  tip 
should  be  avoided.  Flnt-cnded  projectiles  are  oven 
moro  likely  to  shatter  so  that  they  can  only  be  used 
at  very  low  velocities  and  therefore  against  very  thin 
pleie;  under  these  conditions,  however,  they  require 
considerably  less  energy  for  perforation  than  projec¬ 
tiles  with  ogival  heads." 

Length 

Because  of  a  decrease  in  tho  weight  of  the  projectile, 
a  decrease  in  length  leads  to  a  lower  striking  energy  and 
a  higher  striking  velocity.  The  writer  knows  of  no  tests 
which  6how  the  exact  dcpeudcnce  of  the  shatter  veloc¬ 
ity  on  length,  but  it  seems  unlikely  that  it  is  appreci¬ 
ably  affected.  Certainly  if  the  projectile  is  too  short 
it  will  fail  by  shatter  because  of  the  high  striking 
velocity.  This  furnishes  a  basis  for  uu  absolute  lower 
limit  for  the  length ;  an  upper  limit  is  set  by  stability 
considerations. 

If  body  failures  occur  for  lengths  intermediate  be¬ 
tween  these  two  extremes,  a  choice  must  be  made  be¬ 
tween  tho  greater  ctriking  energy  obtained  with  a  long 
projectile  and  the  smaller  tendency  toward  body  fail¬ 
ures  resulting  from  a  Bhort  projectile.  As  an  example 
of  the  effect  of  length  on  the  occurrence  of  body  fail¬ 
ures,"  a  decrease  in  the  body  length  of  a  tungsten 
carbide  projectile  from  2.75  to  1  25  calibers  increased 
by  over  300  per  cent  the  energy  at  which  it  could  be 
fired  through  homogeneous  plate  at  30  degrees  with¬ 
out  breaking.  Since  a  body  failure  usually  does  not 
greatly  increase  the  energy  required  for  perforation, 


it  ie  often  difficult  to  decide  on  the  best  length** 
unless  the  projectile  can  and  must  be  kept  completely 
intact. 

Conventional  lengths  for  monobloc  steel  projectile* 
end  tungsten  carbide  cores  are  about  3.6  calibers  over¬ 
all,  with  body  lengtha  a  littla  over  1  caliber  shorter. 
The  cores  for  capped  steel  projectiles  are  usually 
shorter  than  3.5  by  %  to  I  caliber; 

Dknsxtt 

As  with  an  increase  in  length,  an  increase  in  density 
of  the  projectile  results  in  a  higher  striking  energy 
but  a  lower  striking  velocity;  the  lower  striking  ve¬ 
locity  reduces  the  likelihood  of  shatter. 

The  most  important  change  in  density  encountered 
iu  projectile  design  occurs  when  tungsten  carbide  it 
substituted  for  steel.  It  is  interesting  that  it  is  the 
high  density  of  tungsten  carbide,  rather  than  its  bet¬ 
ter  mechanical  properties,  that  is  responsible  for  its 
superior  perforating  ability.  Although  the  shatter  ve¬ 
locity  of  a  tungsten  carbide  projectile  ia  not  much 
greater  than  that  of  a  good  steel,  it  can  have  almost 
twice  the  striking  energy  without  shattering  because 
of  its  greater  weight.  Thus  the  high  density  of  tung¬ 
sten  carbide  leads  to  two  distinct  advantages:  (1)  a 
greater  striking  energy  and  (2)  a  higher  shatter  an- 
ergy.  It  is  essential,  of  courso,  that  an  increase  in  den¬ 
sity  not  be  accompanied  by  a  decrease  in  strength; 
lead,  for  example,  is  a  poor  projectile  materiel  in  spite 
of  ite  high  density. 

Another  effect  of  a  change  in  density,  or  more  pre¬ 
cisely  of  a  change  in  weight,  h  of  secondary  impor¬ 
tance,  but  will  be  mentioned  for  tho  sake  of  complete¬ 
ness.  This  effect  is  concerned  with  tho  energy  required 
for  perforation  when  the  projectile  does  not  shatter. 
Equation  (10)  should  apply  in  this  case  and  this  equa¬ 
tion  assumes  that  the  limit  energy  is  independent  of 
the  weight  of  the  projectile.  This  has  been  shown  to 
be  truo41  for  normal  attack  of  plate  thicker  than  1.5 
calibers  but  for  thinner  plate  the  limit  energy  in¬ 
creases  slightly  with  increase  in  projectilo  weight."*41 
For  1-caliber  plate  an  increase  in  weight  by  50  per 
cent  increased  the  limit  energy  of  a  projectile  with  a 
1.5-caliber  radius  by  slightly  more  than  S  per  cent 

SlZB 

A  chnugo  of  b:z3  is  obviously  of  importance  in  de* 
sign  only  in  the  case  of  subcaliber  projectiles.  As  a 
result  of  .the  increase  in  striking  velocity  with  a  de¬ 
crease  in  size,  chatter  often  occurs  before  the  optimum 
diameter  calculated  by  the  method  of  Section  6.5  ie 
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reached.  A  case  in  which  the  occurrence  of  shatter  de¬ 
termines  the  most  suitable  tbe  for  a  subceliber  capped 
steel  projectile  is  considered  m  Section  0.8.  The 
shatter  velocity  of  a  monobloc  steel  projectile  is  so  low 
at  obliquities  that  even  a  fall-caliber  projectile  of  this 
type  is  ineffective  if  fired  from  a  present  dsy  standard 
gun  in  the  important  range  between  80  and  45  de¬ 
grees.  Monobloc  tungsten  carbidt  projectile*  might 
conceivably  be  used  in  aubcaliber  sires  if  the  striking 
velocity  was  limited  to  values  below  about  3,000  fps 
and  the  attack  restricted  to  homogeneous  plate.  If  the 
projectile  and  gun  were  the  types  considered  in  cal¬ 
culating  Table  8,  a  muzzle  velocity  of  3,000  fps  would 
correspond  to  a  aubprojectile  to  gun  diameter  ratio 
of  0.78. 


m  COMPARATIVE  PERFORMANCE  OF 
CAPPED  AND  MONOBLOC  PROJECTILES 

The  purpose  of  the  cap  is  to  prevent  shatter.  In 
cases  where  the  monobloc  does  not  deform  badly  or 
where  shatter  aids  perforation,  the  use  of  a  cap  is  a 
detriment.  On  the  other  hand,  if  deformation  greatly 
reduces  the  perforating  ability  of  the  monobloc,  then 
the  cap,  by  keeping  the  main  body  of  the  projectile 
intact,  may  decrease  the  limit  energy  for  the  projec¬ 
tile  as  a  whole  despite  some  loss  in  penetrating  ability 
due  to  its  own  disintegration.  Thus  the  limit  energy 
may  be  either  increased  or  decreased  by  the  attach¬ 
ment  of  a  cap  and  unless  the  conditions  of  impact  are 
exactly  specified,  no  answer  can  be  given  to  the  ques¬ 
tion  of  whether  a  capped  or  a  monobloc  projectile  per¬ 
forates  a  greater  thickness  of  armor. 

For  attack  of  face-hardened  plate  the  cap  is  useful 
at  all  striking  velocities.  Againet  soft  homogeneous 
plate  (BHN  250)  the  monobloc  has  the  advantage  at 
low  velocities  (leas  than  approximately  2,500  fps  for 
steel  projectiles),  but  the  capped  projectile  can  per¬ 
forate  thicker  plate  at  velocities  above  the  shatter  ve¬ 
locity  of  the  monobloc  at  normal  incidence  (for  steel 
projectiles  usually  above  3,500  to  4,600  fps,  depending 
on  nose  shape).  Whether  or  not  the  cap  is  of  benefit 
at  velocities  intermediate  between  these  two  extremes 
depends  on  the  anglo  of  attack. 

A  comparison  of  the  performance  of  a  capped  and  a 
monobloc  steel  projectile  of  equal  total  weights  is 
given  in  Figure  16  for  a  particular  striking  velocity 
in  the  iutermediato  range.*''1*  The  graph  indicates 
the  thickness  of  plate  perforated  by  each  projectile  as 


Fioorx  16.  Comparative  perform anoa  of  capped  and 
monobloc  projectile*  tgtiail  homogeneous  amor. 


a  function  of  the  angle  of  attack.  For  amall  angles  the 
monobloc  perforate*  thicker  plate.  The  advantage  of 
the  capped  type,  whose  piercing  element  remains  in¬ 
tact  at  c.ll  obliquities,  begins  at  and  ia  greatest  for  on 
angle  just  larger  than  that  at  which  the  monobloc  shat¬ 
ters.  Aa  the  angle  is  increased  beyond  the  critical  angle 
for  ahatter  the  difference  between  the  thickneaa  of  ar¬ 
mor  perforated  by  the  two  type*  gradually  decrease# 
until  it  becomes  zero.  At  still  greater  angle#  (greater 
than  56  degrees  in  tho  present  case)  the  shattered 
monobloc  perfoiates  tho  most  armor.  Thus  in  the  in¬ 
termediate  velocity  range  the  monobloc  is  superior  at 
large  and  small  but  not  at  intermediate  angles;  the 
capped  projectile  becomes  superior  at  smaller  angles 
as  the  velocity  is  increased. 

Although  the  exact  amount  by  which  tho  chatter 
velocity  is  raised  by  means  of  a  cap  depends  on  many 
factors,  particularly  cap  weight,  there  ia  no  doubt  as 
to  the  general  effectiveness  of  the  method  for  reducing 
deformations.  To  cite  one  case,'*  a  particular  cap  (27 
per  cent  of  core  weight)  increased  tho  shatter  velocity 
of  an  uncapped  projectile  fired  against  homogeneous 
armor  from  less  than  2,400  fps  to  approximately  4,100 
fps;  the  cap  was  equally  effective  in  increasing  tho 
shatter  velocity  at  all  angles  of  attack  from  0  to  60 
degrees.  The  addition  of  tbe  cap  in  this  case  reduced 
the  perforating  ability  of  the  projectile  only  for  plat* 
less  than  2  calibers  thick  because  even  at  normal  in¬ 
cidence  the  uncapped  projectile  could  perforate  pTate 
no  thicker  than  this  without  shatter.  For  1-caliber 
plate  at  normal  incidence  the  cap  increased  the  limit 
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velocity  by  10  per  cent  crd  the  limit  energy  by  54  per 
cent  This  effect  of  the  cap  in  increasing  the  limit  va- 
Ldty  becomea  less  for  thicker  plate.** 

The  relative  performance  of  a  number  o?  foil -cali¬ 
ber  ruonobloc  and  cipped  ateel  projcctilca  ia  shown  in 
the  grapha  of  the  Division  2,  NDBC,  Data  Sheets 
2C3a  (Chapter  19).  These  are  standard  projectiles 
fired  from  standard  guns  at  veloehiea  below  9,000  fpa. 
The  curve*,  which  give  the  thickness  of  homogeneous 
armor  that  can  be  perforated  at  various  ranges,  were 
purposely  not  begun  st  zero  range  because  the  projec¬ 
tiles  had  not  been  tested  at  vi'  ilies  as  high  as  the 
muzzle  velocities.  Extrapolation.!  would  probably  be 
justified  for  both  the  capped  and  monobloc  projectiles 
at  0  degree  obliquity  and  for  the  capped  but  not  the 
monobloc  at  30  degrees.  Tor  exsmple  a  test*  of  tha 
monobloc  37-mm  1174  showed  that  at  point-blank 
range  it  would  shatter  and  perforate  only  2.2  in.  at 
30  degrees  while  extrapolation  of  the  2C3a  graph  in¬ 
dicate*  that  it  should  defeat  3-in.  plate.  Another  point 
ia  that  the  performance  of  the  monobloc  projectiles  is 
worse  at  long  ranges  than  that  of  the  capped  projec¬ 
tiles,  This  might  appear  to  contradict  earlier  state¬ 
ments  that  a  monobloc  ia  better  at  low  velocities.  The 
cause  for  the  poor  performance  of  the  monobloc  iu 
this  esse,  however,  is  not  its  poor  terminal-ballistic 
hehavior  but  the  fact  that  only  tho  capped  projectiles 
have  windshields. 

The  above  examples  ar*  for  steel  projectiles.  That 
the  addition  of  protective  material  is  also  effective  in 
the  esse  of  tungsten  carbide  cores  was  well  demon¬ 
strated  during  the  development  of  a  hypervelocity 
projectile  for  the  6-poundor,  7-cwt,  67-mm  gun.** 
During  this  development,  a  comparative  terminal-bal¬ 
listic  test  was  carried  out  with  projectiles  of  two  types. 
One  had  a  comparatively  heavy  steel  windshield  and 
Duralumin  pad  covering  tho  nose  of  the  tungsten 
carbide  core  while  the  other  had  only  a  light  Dura¬ 
lumin  windshield.  At  4,160  fpa,  which  was  the  muzzle 
velocity  of  the  gun,  the  projectile  with  the  heavy  steel 
windshield  was  able  to  perforate  approximately  25  per 
cent  more  armor  at  all  but  near-normal  obliquities. 

Actually  the  tungsten  carbide  cored  projectiles  used 
in  the  57-mm  gun  were  jacketed  rather  than  capped. 
In  either  case,  however,  the  essential  feature  necessary 
for  good  performance  is  sufficient  protective  material 
surrounding  the  nose  of  the  core.  Tho  portion  of  the 
jacket  surrounding  the  sides  of  the  coro  apparently 
has  little  effect  in  controlling  breakup,**  and  presum¬ 
ably  this  is  al-o  true  for  the  material  behind  the  core. 


In  cases  where  the  core  does  not  shatter,  however* 
material  behind  the  core  often  contributes  to  the  pene¬ 
tration  by  giving  the  core  a  boost  from  behind  when 
it  strikes  the  plate.*  Thus  the  result*  given  for  per¬ 
foration  limits  of  tungsten  carbide  cored  projectiles 
in  the  Division  2,  NDRC,  Data  Sheet  2C6  of  Chap¬ 
ter  19  are  sometimes  less  than  would  be  corapr  «d 
from  equation  (18),  not  only  because  of  *  slight  seal* 
effect  but  also  because  of  contributions  from  tht 
jacket.*  It  should  be  pointed  out  thst  the  band  in  this, 
graph  marked  "capped”  should  apply  to  any  projectile 
which  has  sufficient  material  to  protect  the  nose 
whether  it  has  a  cap  in  the  conventional  sense  or  not. 

«  HYP  Eft  VELOCITY  PROJECTILES 

As  previously  indicated,  armor-piercing  projectile* 
are  conventionally  classified  as  monobloc,  capped,  or 
jacketed,  and  either  steel  or  tungsten  carbide  is  cus¬ 
tomarily  used  for  the  piercing  element  (core).  Con¬ 
ceivably  any  of  these  six  possible  types  might  be  em¬ 
ployed  as  s  full-caliber  or  as  a  subcaliber  projectile,' 
but,  with  the  exception  of  small  amt  ammunition,  the 
only  types  used  in  combat  during  World  War  II  ware 
full-caliber  capped  and  monobloc  projectiles  made  en¬ 
tirely  of  steel  and  jacketed  tungsten  carbide  projectileo 
in  both  fuil  and  *  talibe;  size*.  Except  for  experi¬ 
mental  purposes  and  :n  the  case  of  one  gun,  the  Ger¬ 
man  88-mm,  steel  projectiles  were  not  used  at  hyper- 
velocitiea.  The  possibility  of  a  hyporvelocity,  aubcali- 
ber  steel  projectile  will  be  discussed,  however,  in  order 
to  compare  results  with  those  obtained  with  tungsten 
carbide  cored  projcctiloa  which  were  used  exclusively 
at  hypcrvelocitiea. 

w  l  Steel  Projectile* 

Normally  the  full-caliber  steel  projectiles  have 
muzzle  velocities  below  3,000  fpa.  The  monobloo  ia 
ruled  out  for  use  at  highor  velocities  because  of  the 
likelihood  of  shatter.  The  capped  projectile  ia  leu 
likely  to  ahattor  than  the  monobloc  and  can  be  suc¬ 
cessfully  used  as  a  full-caliber  projectile  in  somewhat 
more  powerful  guns,  but  only  a  small  advantage  ia 
gained  by  using  it  as  a  subcaliber  projectile. 

The  graph  in  Figure  17  shows  the  thickness  of  ar¬ 
mor  that  can  be  perforated  at  the  muzzle  of  a  37-mm 

*  Following  customary  practice,  the  specific  limit  energies 
and  caliber  piste  thickness**  In  this  graph  are  based  ou  oora 
weight  and  diameters. 

*  A*  used  here,  subcalibcr  means  that  the  diameter  of  the 
projectile  In  flight  is  lee*  than  the  diameter  of  the  gun. 
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Fiotnu  17.  Perforation  limits  u  function  of  diameter  of  subcaliber  projectiles.  Homogeneous  armor  attacked  at 
point-blank  range. 


gun  by  subcaliber  capped  steel  projectiles  of  the  same 
shape  but  different  sixes.*  This  curve  was  calculated 
by  the  method  outlined  in  Section  6.5  but  is  bawd  on 
a  perforation  formula  obtained  from  firing  trials  with 
a  projectile  of  the  particular  type  and  shape  cousid- 
cred  in  this  example;  the  curve  should  hold  at  obli¬ 
quities  as  well  aa  at  normal.  It  will  be  noted  that  even 
though  the  cap  in  this  case  is  very  heavy  (27  per  cent 
of  core  weight),  shatter  sets  in  before  the  optimum 
diame  ter  is  reached.  In  order  to  avoid  shatter  at  the 
muzzle  the  subprojectile  to  gun  diameter  ratio  should 
not  bo  greater  than  about  C.7 ;  furthermore,  at  2,000 
yu  f.  core  of  this  size  would  givo  better  performance 
than  smaller  cores  even  though  deformation  is  not  a 
factor  at  this  raugo.  If  a  subprojectile  with  a  diameter 
ratio  of  0.7  were  a  scalo  model  of  the  full-caliber  pro¬ 
jectile,  it  should  perforate  approximately  30  per  cent 
more  armor  at  tho  muzzle  and  20  per  cent  more  *fc 
2,000  yd.  Actually,  however,  it  is  not  necessary  to  ’.-sa 
a  cap  at  heavy  aa  this  for  tho  full-caliber  projectile; 
tho  cap  of  the  37-mm  MSI  is  only  14  instead  of  27 
per  cent  of  the  core  weignt.  Conecqucutly  the  advan¬ 
tage  at  tho  muzzle  of  the  subcaliber  projectile  over  the 
M51  is  only  18  rather  than  30  per  cent,  und  this  ad¬ 
vantage  decreases  with  increase  in  range.  In  this  ex¬ 


ample  the  muzzle  Telocity  for  tho  full-caliber  piojeo- 
tile  is  2,900  fps ;  in  tho  caea  of  a  more  powerful  gun, 
the  subprojectile  would  be  limited  to  cveu  larger  di¬ 
ameters  and  its  advantage  would  bo  still  less.  In  fact, 
if  the  power  of  guua  is  increased  any  considerable 
amount  above  tho  present  level  even  the  full-caliber 
projectile  will  be  unsatisfactory  unless  means  of  in¬ 
creasing  the  strength  of  steel  found. 

<-8-i  Tungsten  Carbide  Cored  Projectile* 

There  are  three  conventional  types  of  jacketed  tung¬ 
sten  carbide  projectiles:  (1)  the  folding  skirt  pro¬ 
jectile,  (2)  the  composite  rigid  or  arrowhead,  and  (3) 
the  sabot.  Due  to  their  very  small  total  weight  all  have 
muzzle  velocities  in  the  hypervelocity  range  even  when 
fired  from  standard  guns.  Likewise  all  havo  about  the 
same  terminal-ballistic  performance  which  is  deter¬ 
mined  to  a  first  approximation  by  the  ciza  and  weight 
of  the  core.  In  other  respects  each  has  ita  own  advan¬ 
tages  and  disadvantages. 

Folding  Skirt.  This  projecti'i  is  fired  through  a 
tapered  boro  which  may  either  bo  built  into  tho  gun  or 
added  to  a  standard  gun  by  means  of  a  special  muzzla 
attachment.  The  taper  serves  to  swedgo  down  flanged 
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skirts,  which  extend  from  the  main  body  of  the  pro¬ 
jectile  so  that  the  emergent  caliber  is  modi  leu  than 
the  original  diameter.  In  this  wajr  the  accelerating 
pressure  of  the  powder  gases  is  allowed  to  act  on  a 
large  area  while  a  small  am  is  presented  to  the  re¬ 
sisting  pressure  due  to  six  resistance.  The  principal 
disadvantages  of  this  means  of  obtaining  hyperrelo- 
cities  is  that  the  taper  prohibits  the  use  of  standard 
ammunition. 

Composite  Rigid.  This  is  merely  s  light-weight  full- 
cslibcr  projectile  with  e  tungsten  carbide  core  having 
a  diameter  approximately  half  that  of  the  gun.  Due 
to  a  very  low  ballistic  coefficient  it  rapidly  loses  ve¬ 
locity  in  flight  so  that  it  is  effective  only  over  a  very 
short  range. 

Sabot.  The  principal  disadvantage  of  the  sabot  is  the 
danger  that  the  discarding  pieces  will  strike  friendly 
troops.  Although  the  high  ballistic  coefficient  of  tbs 
subprojectile  makes  it  effective  over  a  much  longer 
range  than  the  composite  rigid,  it  Is  not  so  accurste 
at  the  present  stage  of  development. 

That  practical  projectiles  of  these  designs  are  sig¬ 
nificantly  superior  in  perforating  ability  to  conven¬ 
tional  full-caliber  types  hat  been  demonstrated  both 
in  combat  and  by  plating  trials.  The  most  recent  estl 
mates  for  the  performance  of  various  armor-piercing 
projectiles  against  German  tanks'*  indicate  that  for 
every  gun  considered  (78-mra,  77-mm,  30-mm,  17- 
pounder,  3.3-in.)  tho  composite  rigid  and  sabot  pro¬ 
jectiles  are  more  effective  than  the  corresponding  full- 
calibar  steel  projectiles.  Contrary  to  the  opinion  that 
tungsten  carbide  projectiles  are  inferior  at  oblique 
angles  of  incidence,  their  superiority  exists  at  35  de¬ 
grees  obliquity  as  well  os  at  normal,  although  not  to 
the  same  extent. 

A  second  example  showing  the  increase  in  perforst- 


Fioraa  18.  Comparative  performance  of  tub-  and  full- 
caliber  projectiles.  A  37-mm  M3  gun,  point-blank  range, 
homogeneous  armor  BUN  250  ±  20.  8ae  Table  4  for 
complete  projectile  descriptions. 


ing  ability  to  be  expected  from  the  use  of  tungsten 
carbide  cored  projectiles  is  given  in  the  graph  of  Fig¬ 
aro  18,  which  is  based  ou  firing  trials  carried  out  by 
Division  2,  N^RC.  This  graph  indicates  the  thick¬ 
ness  of  homogeneous  armor  that  can  be  defeated  at 
the  muule  of  a  37-mm  gun  as  a  function  of  the  angle 
of  attack.  Limit  thicknesses  are  given  for  three  pro¬ 
jectiles:  (1)  full-calibcr  capped  steel  37-mm  M51, 
(2)  subcaliber  capped  steel,  and  (3)  subcaliber 
jacketed  tungBton  carbide,  model  of  6-pounder  rfu- 
carding  tabot  [DS]  Mark  I.  A  description  of  these 
projectiles  is  given  in  Table  4.  The  full-caliber  type 
is  the  standard  service  projectile  for  this  gun ;  the  sub- 


Ttana  4.  Description  of  projectiles  whose  perforating  ability  Is  given  In  Figure  18. 


Projectile 

type 

-  - 

Full-caliber  capped-* tec! 

37-mm  MSI  APC 

Components 

Complete 

Windshield 

Weight  (lb) 

1.87 

0.03 

1.61 

Diameter 

(in.) 

1.46 

n 

1.46 

Musste 

velocity 

(fpe) 

• 

2,920 

Discarding  tabot, 
capped -steel  eubprojeotOe 


Complete 


0.85 

1.46 


8ubprojeotile 

Windshield 

Cap 

Core 

B 

B 

Discarding  sabot, 
jacketed  tungsten  carbide 
aubprojectile 

(Model  of  6-lb  D3,  Markl) 


Complete 

Subproject!!* 

Jacket 

Core 

0.88 

0.23 

0.43 

1.46 

0.95 

0.72 

4,050 


4,110 
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caliber  steel  projectile  U  the  whose  pfTfoTm>M» 
wee  discussed  in  the  preceeding  section;  the  tungsten 
carbide  cored  projectile  is  representative  o f  good  de¬ 
sign  for  this  type,  although  the  writer  has  seen  no  re¬ 
port  indicating  that  the  diameter  of  the  core  has  been 
adjusted  for  optimum  sis*.  At  tungsten 

carbide  cored  projectile  it  able  to  perforate  SO  per  cent 
more  armor  than  the  full-caliber  projectile;  while  the 
advantage  drops  with  obliquity,  it  is  still  88  per  cent 
at  S5  degrees. 

u  FUTURE  STUDIES 

A  person  thoroughly  familiar  with  the  results  of  the 
many  plating  trials  carried  out  during  the  past  few 
years  should  be  able  to  suggest  a  good  basic  design  and 
reasonable  values  for  the  parameters  of  either  a  full  or 
a  subcaliber  projectile  to  be  fired  against  simple  tar¬ 
gets  from  a  present-day  gun.  Adjustment  of  the  para¬ 
meters  on  a  basis  of  firing  trials  may  well  be  necessary, 
however,  before  acceptable  performance  is  obtained. 
Tho  designer  will  find  his  task  difficult  (1)  if  the 
power  of  the  gun  is  much  above  the  present  level,  (2) 


if  the  main  armor  of  the  target  is  protected  by  a  thin 
skirting  plate,  or  (8)  if  the  armor  plate  is  set  so  that 
it  can  be  struck  only  st  a  large  angle  of  incidence. 

If  higher  striking  velocities  are  to  be  employed, 
better  means  must  be  found  for  keeping  the  projectile 
intact  Every  effort  should  be  made  to  increase  the 
strength  of  projectile  materials  end  more  satisfactory 
methods  should  be  devised  for  preventing  the  decap¬ 
ping**  and  breaking  of  projectiles’*  by  skirting  plate*. 

Special  attention  should  be  given  to  high-angle  at¬ 
tack.  At  tus  end  of  World  War  II  it  was  impossible 
with  the  best  antitank  guns  and  projectiles  available 
to  defeat  the  sloping  plates  on  the  front  of  German 
tanks  except  at  short  range. 

At  the  present  time  projectile  design  must  be  car¬ 
ried  out  almost  entirely  on  a  basis  of  empirical  results. 
Particularly  for  oblique  attack,  the  fundamental  prob¬ 
lem  of  finding  the  forces  involved  in  the  plate-projec¬ 
tile  interactions  has  hardly  been  touched.  Guce  these 
forces  are  known  it  should  be  possible  to  deduce  the 
dynamic  stresses  produced  in  the  projectile  during 
inr  ict  and  to  design  rationally  against  the  resulting 
deformations. 
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»•»  INTRODUCTION 

m  The  Work  of  CPPAB  end  CFD 

Rukabch  om  the  terminal  balliitic*  of  concrete*-* 
wu  begun  at  Princeton  late  in  1940  under  the 
auspices  of  the  Committee  on  Passive  Protect: an 
against  Bombing  [CPPAB].1  This  Committee  wu 
appointed  by  Prank  B.  Jewett,  President  of  the 
National  Academy  of  Sciences,  on  Jnns  24,  1940,  to 
supervise  the  execution  of  ■  one-yesr  contract  entered 
into  July  1,  1940,  by  the  Unitod  States  of  America 
and  the  xTstional  Academy  of  Sciences.  Thia  contract 
called  for  the  National  Academy  of  Sciences  to  make 
reports  to  the  Chief  of  Engineers,  U.  8.  Army,  covet¬ 
ing  “the  basis  of  design  of  structures  to  provide  pro¬ 
tection  to  personnel  snd  installations,  both  military 
and  civil,  against  bombing  by  aircraft"  The  contract 
was  subsequently  renewed  by  the  Corps  of  Engineers 
in  July  1941,  July  1943,  and  July  1048.  In  the  latter 
contract,  terminating  October  81,  1944,  the  namo  was 
changed  to  Committee  on  Fortification  Design  [CFD] 
to  correspond  more  closely  to  tho  then-current  objec¬ 
tives  of  tho  committee’s  work. 

Almost  from  the  beginning  thia  work  was  closely 
Integrated  in  many  of  its  phases  with  the  research 
programs  of  Sections  B  and  8  of  Division  A  of  NDKC 
and  later  of  Divioion  3  after  the  reorganization  of 
NDRC  in  January  1943. 

7  U  Purpose  of  the  Investigation 

In  the  first  instance  tho  research  on  concrete  was 
undertaken  to  create  a  bettor  quantitative  basis  for 
the  design  of  defensive  structures,  as  has  just  been 
discussed.  As  World  War  II  progressed  and  the  em¬ 
phasis  shifted  from  defense  to  offense,  many  further 
implications  of  the  knowledge  gained  began  to  appear. 
Basic  knowledge  concerning  the  terminal  ballistic* 
of  concrete  is  needed  in  predicting  the  effects  of  our 
own  weapona  on  tho  enemy’s  fortifications,  bunkera, 
submarine  pens,  end  other  concrete  structures.  It  is 
extremely  important  to  realize  that  an  attacking  bomb 
or  projectile  may  be  handicapped  or  even  defeated  by 

•  Pertinont  to  War  Department  Projects  CE-3  and  CE-tt 
and  to  Navy  Department  Project  NO-82. 

¥  Bee  Weapon  Data  Sheets  2A1,  2A3,  2A8,  281,  20, 2CU 
of  Chapter  10. 


such  things  as  ricochet,  deformation,  rupture^  im¬ 
proper  fusing,  etc*  and  to  avoid  overeatimation  caused 
by  a  lack  of  understanding  of  the  phenomena  of  tar- 
urinal  ballistics.  Not  only  the  advantageous  choice  and 
use  of  attacking  weapon*  but  also  their  design  must 
be  based  on  fcrc'*nal-ballisHe  informsfio*.  For  ex¬ 
ample,  the  design  of  concrete-pierdng  projectiles  and 
bomba  to  cany  the  maximum  amount  of  high  explo¬ 
sive  without  deformation  and  rupture  against  concrete 
requires  estimating  the  nature  and  magnitude  of  the 
forces  encountered  during  concrete  penetration.  Simi¬ 
larly,  the  best  fuzing  to  detonate  the  projectile  at 
maximum  penetration  or  after  perforation  depends  on 
the  time  of  penetration  or  perforation;  indeed,  the 
question  of  fuze  initiation  also  lependa  on  a  knowl¬ 
edge  of  the  setback  forces  at  impact,  particularly  in 
the  case  of  very  thin  slabs.  These  examples  and  gen¬ 
eral  remarks  are  perhaps  sufficient  to  suggest  the  na¬ 
ture  and  relative  importance  of  torminnl-ballistio 
studies  of  concrete  and  their  bearing  on  offensive  aa 
well  as  defensive  activities. 

Beyond  theso  particulsr  applications  the  study  of 
the  terminal  ballistics  of  concrete  is  of  long-range 
Importance  because  it  sheds  additional  light  on  the 
general  problems  of  penetration  and  perforation.  Here¬ 
tofore  only  steel  (including  armor)  had  been  studied 
extensively  and  perforation  rather  than  penetration 
stood  in  the  forefront  of  interest.  This  wu  partly  be¬ 
cause  of  the  difficulty  in  obtaining  both  the  high  ve¬ 
locities  and  the  nondeforming  projectiles  required  to 
produce  massive  penetrations  beyond  the  nose  height 
of  tho  projectile.  With  eoncreto  targets,  ordinary  pro¬ 
jectile  velocities  and  ordinary  armor-piercing  CAP] 
projectiles  are  adequate  to  secure  penetrations  beyond 
the  bourrelet  in  massive  targets.  Hence  the  simpler 
and  more  fundamental  problem  of  massive  penetra¬ 
tion  could  be  studied  extensively.  Furthermore,  the 
existence  of  a  marked  scale  effect  and  the  brittle 
rather  than  ductile  nature  of  the  targe,  material  nerve 
to  widen  the  range  of  phenomena  considered  in  the 
theoretical  treatment  of  penetration  and  perforation. 

T  U  History  of  the  Problem 

It  was  probably  surprising  to  everyone  to  discover 
that  although  extensive  use  of  concrete  had  been  mads 
in  fortifications  and  notably  in  the  Msginot  Line  and 
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.Ttti  Wall,  no  evidence  could  be  found  ia  mi]. 
thU  document*  of  any  very  tenon*  experiment*!  work 
oa  the  terminal  ballistic*  of  ooncrete  tine*  the  time  of 
the  Meta  Committee,  1835.  Ia  tie*  of  the  early  period 
ia  which  thii  work  we*  done  end  the  many  uncertain* 
ties  which  surround  it,  ft  was  concluded  that  a  serious 
program  should  be  entered  into  on  the  'arminal  ballis¬ 
tic*  at  concrete. 

The  history  of  the  problem  of  the  terminal  baflistice 
of  concrete  before  1940  ie  adequately  covered  ia  a 
CPPAB  report*  discussing  the  theoretical  and  experi¬ 
mental  rcrolte  then  available  for  the  solution  of  the 
penetration  problem  in  concrete,  steel,  wood,  earth, 
end  esnd.  This  report  surveys  the  theories  of  penetra¬ 
tion,  the  problem  of  rupture  (scabbing),  and  cf  per¬ 
foration  without  rupture,  and  the  effect  on  penetra¬ 
tion  of  the  physical  properties  of  the  target.  It  also 
includes  a  substantial  bibliography  of  those  sources 
from  which  material  was  actually  used  in  preparing 
the  report,  beginning  with  Bobina  in  1742  and  con¬ 
cluding  with  British  Air  Raid  Precaution  [ARP]  pub¬ 
lications  of  1939.  The  principal  authors  cited  include 
Robins,  Euler,  Morin,  Poncelot,  Piobcrt,  Didion, 
Martin  de  Brettee,  ▼.  Wuich,  Resal,  Lcvi-Civita,  P4try, 
deQiorgi,  Crans,  Thompson,  Scott,  Perea,  Milota, 
Qaede,  Vieser,  Heidiuger,  Skramtajew,  Montigny, 
Speth,  Bezant,  Gailer,  Harosy,  and  Hajes. 

1Li  Principal  Contributions 

Both  experimental  and  theoretical  work  was  dout 
on  the  terminal  ballistics  of  concrete  by  Division  2  of 
NDRC  and  the  afore-mentioned  associated  organisa¬ 
tions.  Small-  or  model-scale  experiments  were  carried 
out  at  Princeton,  while  large-scale  testa  were  made  at 
the  Aberdeen  Proving  Ground,  where  the  necessary 
facilities  wero  made  available  by  the  Corps  of  Engi¬ 
neers  and  ii<e  Ordnance  Department,  U.  3.  Army.  In 
compiling  and  reporting  the  experimental  observa¬ 
tions,  great  emphasis  was  put  on  making  complete 
and  accurate  tabulations  of  all  principal  and  auxiliary 
data.  The  results  have  been  found  to  be  useful  aa 
source  material  for  problems  of  mauy  kinds  aud,  it  is 
hoped,  may  form  the  bases  for  better  analyses  of  the 
phenomena  of  penetration  and  perforation  in  concrete 
than  have  yet  been  made. 

The  course  of  the  work  during  World  War  II  may  be 
outlined  by  the  following  brief  summaries  of  the  prin¬ 
cipal  contributions.  The  bibliography  for  this  chapter 
includes  not  only  these  references  but  also  lists  related 
work  by  the  Army,  Navy  and  by  British  orgnnis  ‘tiona. 


L  final  Report ,  National  Research  Council,  Com* 
mittee  on  Fortification  Detig n,  John  K,  Burehard, 
December  1944. 

While  this  is  chronologically  the  last  of  ihe  CPPAB 
tad  CFD  reports,  >t  ia  put  first  here  because  it  euv 
tains  a  complete  final  review  of  the  history,  projects^ 
and  reports  of  these  committees  from  their  inception 
to  the  end.  Work  on  the  terminal  ballistic*  of  concrete 
formed  part  of  the  activity  of  *hese  committee*. 

*.  Terminal  BaRitlict t,  H,  P.  Roberteoe,  CPPAB 
Interim  Beport,  January  194L 
A  critical  survey  of  previoua  work  in  the  field  of 
penetration  and  perforation  ie  given.  The  report  con¬ 
tains  extensive  references  to  earlier  work. 

3.  Final  Report  for  the  gear  ending  June  SO,  1911, 
Part  1,  CPPAB. 

Thia  report  contain*  the  small-caliber  penetration 
data  of  the  first  Princeton  “Concrete  Properties  Sur¬ 
vey,**  the  object  of  which  was  to  obtain  experimental 
information  on  the  effect  of  concrete  properties  on 
penetration  resistance.  The  then  current  theoriee  of 
concrete  penetration  are  discussed  and  the  data  are 
analyzed  in  terms  of  the  classical  Poncelet  theory. 
The  first  evidence  suggesting  the  existence  of  the  ecale 
eject  for  concrete  penetration  is  presented  and  dis¬ 
cussed  on  page  48  of  thia  CPPAB  report 

4.  Penetration  of  Projectiles  in  Concrete,  Richard 
A-  Beth,  CPPAB  Interim  Report  No.  3,  November 

mi. 

Tliis  rojwrt  suggests  the  use  of  an  empirical  penetra¬ 
tion  formula  for  concrete  of  the  form  t,  -  KDV'df, 
where  s,  ie  the  uose-corrected  penetration  in  cali¬ 
bers,  D  ie  the  caliber  density  of  ibo  nondeforming 
projectile,  V  is  the  striking  velocity,  d  is  the  caliber, 
and  JT,  a,  and  p  are  constants.  The  factor  d*  repre¬ 
sents  tho  scale  effect 

3.  AP  Bomb  Test — Comment,  Richard  A.  Beth, 
CPPAB  Interim  Beport  No.  9,  April  1948. 
Bibliography,  data,  and  discussion  of  testa  with  12- 
iu.  AP  projectiles,  weighing  1,000  lb,  striking  heavily 
reinforced  concrete  slabs  of  three  thicknesses,  36,  60, 
and  81  in.,  at  1,000  fps  and  20  degrees  obliquity.  Tha 
,46-calibcr  penetration  data  obtained  on  unroinforced 
1-ft  cubes  of  the  same  concrete  are  also  given  and  an 
attempt  is  made  to  evaluate  tho  scalo  effect  according 
to  the  type  of  formula  suggested  above.4  Thia  involves 
a  suggested  method  of  making  allowance  for  the 
density  of  reinforcing  steel  on  penetration. 
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ft.  A  Brief  Summary  of  Recent  Data  on  Penetration 
in  Concrete  at  Various  Scalet,  Bichard  A.  Beth, 
CPPAB  Interim  Beport  Na  18,  Jane  1941. 

A  summary  review  of  penetration  data  at  .^6-cali¬ 
ber,  37-,  75-,  155-uun,  12-,  and  lft-in.  scales.  The  data 
are  analysed  end  correlated  in  farms  of  empirical 
formulae  of  the  form  suggested  abovu.*  Scale-effect 
graphs  tie  given.  Some  data  on  sticking,  scabbing,  and 
perforation  of  concrete  bj  inert  projectiles  are  given. 

7.  Penetration  and  Explosion  Tests  on  Concrete 
Slabs — Report  l:  Data,  Richard  A.  Beth  and  J. 
Gordon  Stipe,  Jr.,  CPPAB  Interim  Report  No.  20, 
January  1943. 

This  report  contains  complete  data  and  some  pre¬ 
liminary  analyses  in  the  form  of  graphs  of  extensive 
tests  on  39  reinforced  concrete  slabs  at  .45-  and  .60- 
caliber,  37-  and  76-mm,  3-in,  and  156-mm  scales. 
Penetrations,  perforations,  obliquities,  and  explosions 
are  included. 

8.  Penetration  and  Expiation  Teste  on  Concrete 
Slabs — Report  II:  Crater  Profiles,  J.  Gordon 
Stipe,  Jr.,  CPPAB  Interim  Report  No.  21,  Janu¬ 
ary  1943. 

Eleven  large  prints  of  measured  crater  profile  draw¬ 
ings  which  are  reproduced  at  smaller  size  in  refer¬ 
ence  7. 

9.  Resistance  of  Laminated  Concrete  Slabs  to  Perfora¬ 
tion,  Robert  J.  Hansen,  CPPAB  Interim  Memo¬ 
randum  M-9,  May  1943. 

Report  on  testa  made  at  37-mm  scale  to  find  the 
reduction  in  perforation  limit  velocity  produced  by 
pouring  concrete  slabs  in  successive  layers  rather  than 
monolithically.  A  lowering  of  limit  velocity  by  not 
more  than  S  per  cent  per  construction  joint  was  found. 

10.  Terminal  Ballistics  and  Explosive  Effects  (Ap¬ 
pendix  to _ the  CPPAB  Final  Report  for  the  year 
ending  June  SO,  19AS),  CFD  Report,  Oct  1943, 

This  report  contains  a  description  of  terminal- 
ballistic  phenomena  with  concrete,  steel,  armor,  and 
other  target  materials,  together  with  a  compilation 
of  considerable  quantitative  information  on  these  sub¬ 
jects  in  the  form  of  tables,  graphs,  and  nomograms. 
It  was  originally  written  to  assist  the  Corp3  of  Engi¬ 
neers  in  the  preparation  of  a  new  fortifications 
manual. 

11.  Concrete  Properties  Survey,  Richard  A.  Beth, 
J.  Gordon  8tipe,  Jr.,  H.  E.  DaReus,  and  J.  T. 
Pittenger,  CFD  Interim  Report  27,  July  1944. 


This  report  consists  of  three  separately  bound 
parts:  Effect  of  Concrete  Properties  on  Penetration 
Resistance,  Appendix  A — Preparation  and  Physical 
Tests  of  Concrete,  and  Appendix  B — Penetration  Data. 

In  order  to  explore  the  effect  of  various  concrete 
properties  on  penetration  resistance,  154  I-ft  cube 
targets  representing  shout  75  different  concretes  were 
msde  and  tested  for  penetration  resistance,  using  non¬ 
deforming  hardened  steel  .50-caliber  model-scale  pro¬ 
jectiles.  Tests  were  made  at  normal  incidence  with 
striking  velocities  from  600  to  2,000  fps.  The  earlier 
Concrete  Properties  Survey  data*  were  neither  so 
extensive  nor  m  accurate  as  these  newer  data  and 
shocld  therefore  be  regarded  as  preliminary  or  aux¬ 
iliary  to  the  data  of  tliis  report.  Summary  tables  of 
the  dais  eud  a  discussion  and  analysis  of  the  results 
are  contained  in  the  first  part  of  the  report;  the  two 
appendices  contain  complete  descriptions  and  original 
data  on  the  parts  of  the  work  indicated  by  their  titles. 

12.  Ballistic  Teste  on  Concrete  Slabs,  J.  Gordon 
Stipe,  Jr.,  M.  E.  DoReua,  J.  T.  Pittenger,  B.  J. 
Hansen,  CFD  Interim  Beport  28,  June  1944,. 
(The  separately  hound  Appendix  A — Tables  of 
Data  contains  full  tabulations  of  all  original  bcl- 
listic  and  concrete  data.) 

Perforation,  scabbing,  and  penetration  teats  wen 
made  on  133  concrete  slabs  in  this  companion  pro¬ 
gram."  The  same  .50-caliber  projectiles  were  used 
and  slabs  from  3  to  18  calibers  thick  were  tested. 
These  8mnll-3ca)e  testa  were  planned  to  supplement 
the  information  at  larger  scales,'  particularly  with 
respect  to  the  effect  of  slab  thickness,  concreta 
strength,  aggregate  gradation  and  size,  various 
schemes  of  reinforcement,  scab  plates,  and  obliquity 
of  incidence.  The  following  relations  were  found: 
s/d  -  1.23  +  1.07s  and  e/d  =  2.28  -f  1.13s, 
where  e/d  and  e/d  represent  the  tliickneaa  that  can 
be  perforated  and  scabbed  respectively,  in  calibers, 
and  z  is  the  penetration  depth  in  calibers  into  massive 
concrete  of  the  same  characteristics  at  the  perforation 
or  scabbing-lirait  velocity.  These  relations  show  good 
agreement  with  the  data  except  at  obliquities  above 
40  degrees. 

13.  Repeated  Fire  and  Edge  Fire  Effects  on  Small 
Concrete  Slabs,  J.  Gordon  Stipe,  Jr.,  CFD 
Interim  Memorandum  M-12,  July  1944 
The  number  of  rounds  required  for  perforation  of 
reinforced  concrete  slab,  by  repeated  fire  attack  with 
.50-caliber  model-scale  projectiles  was  tested  for  two 
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thicknesses  of  concrete,  two  reinforcing  schemes,  end 
for  different  distance*  from  the  slab  edge.**  Table*  of 
ballistic  data  and  many  observed  crater  profile  drawings 
are  included. 

14.  Composite  Slabs,  J.  Gordon  Stipe,  Jr,  CFD 
Interim  Memorandum  M-13,  June  1944. 

A  method  of  estimating  the  perforation-proof  thick¬ 
ness  of  slabs  composed  of  concrete  and  steel,  soil  and 
concrete,  and  of  the  three  matenals  ia  proposed. 

15.  Penetration  Theory:  Estimate*  of  Velocity  and 
Tima  during  Penetration,  R.  A.  Beth,  OSRD-4720, 
NDRC  Report  OTB-7,  February  1945. 

This  paper  summarizes  the  theory  of  the  variation 
of  the  resisting  force  R  during  projectile  penetration 
for  three  cases:  (1)  R  is  a  constant  (the  Robins-Euler 
theory),  (2)  R  ie  a  function  of  the  remaining  veloc¬ 
ity  v  only  (sectional  pressure  theories),  and  (3)  R 
is  a  function  of  the  penetration  depth  x  only  (sec¬ 
tional  energy  theories).  The  functional  form  of  R 
is  not  known,  but  there  are  reasons  for  believing  that 
the  actual  curve  for  R  will  fall  between  those  pre¬ 
dicted  for  cases  (2)  and  (3).  A  knowledge  of  R  would 
be  a  6tep  toward  solving  problems  of  fuze  and  pro¬ 
jectile  design  and  the  dcsigu  of  composite  targets. 

16.  Concrete  Penetration,  Richard  A.  Beth,  OSRD- 
4856,  NDRC  Report  A-319,  March  20,  1945. 

An  attempt  is  made  to  revive  the  Foncelet  hypoth- 
esis  by  postulating  a  force  law  of  the  form  R  — 
a(x)  4-  bv*  for  concrete  penetration,  and  a(x)  aud 
b  are  evaluated  from  the  .50-caliber  penetration  data11 
and  some  additional  data  on  the  effect  of  projectile 
mass  and  nose  shape  given  in  an  appendix.  Calcula¬ 
tions  of  resisting  force,  time,  and  remaining  velocity 
during  penetration  are  made.  The  theoretical  conse¬ 
quences  of  a  further  generalization  of  the  Poncclet 
force  law,  R  =  a(s)v,x  +  b(x)v\  in  which  the 
fivet  term  is  able  to  take  account  of  the  concrete  scale 
effect,  are  worked  out  in  an  appendix. 

17.  An  Electromagnetic  Method  for  Measuring  Pro¬ 
jectile  Velocity  during  Penetration,  R.  A.  Both 
and  E.  J.  Schaefer,  OSRR-5175,  NDRC  Report 
A-329,  June  1945. 

The  method  consists  in  magnetiziug  the  projectile 
and  recording  the  electromotive  force  induced  in 
suitably  disposed  coils  during  deceleration  in  a  non¬ 
magnetic  and  nonconducting  target  material,  like 
concrete,  by  means  of  a  cathode-ray  oscillograph 
equipped  with  a  linear  time  sweep.  The  report  out¬ 


lines  the  theory  and  design  of  the  coils,  the  equipment 
used,  and  describes  preliminary  experimental  work 
including  the  methods  of  stablizing  the  magnetic 
moment  of  the  projectiles  sgainst  the  effects  of  im¬ 
pact 

18.  Penetration  Theory:  Separable  Foret  Laws  and 
the  Time  of  Penetration,  Richard  A.  Beth, 
OSRD-5258,  NDRC  Repot  t  A-333,  June  28, 1940. 

This  report  considers  the  consequences  of  assuming 
a  separable  force  law' of  the  form  R  ~  cg(x)f{v)  a* 
au  alternative  to  the  generalized  Poncelet  force  law.'* 
General  formulas  are  given  for  penetration  aa  a  func¬ 
tion  of  striking  velocity,  remaining  velocity  aa  a  func¬ 
tion  of  depth  during  penetration,  and  for  time  of 
penetration.  A  number  of  special  cases  are  tabulated, 
including  all  of  the  classical  theories  ol  penetration. 
A  separable  force  law  for  perforation  leads  to  a  rela¬ 
tion  between  limit,  striking,  and  residual  velocities 
of  the  form  F(vt)  =  F(vc)  — F(vr),  which  is  inde¬ 
pendent  of  the  projectile  moss  and  the  target  atreagth 
under  certain  plausible  assumptions. 

19.  B attest io  Tests  on  Concrete  Slabs,  11,  Effect  of 
Nose  Shape,  J.  Gordon  Stipo,  Jr.,  OSRD-6638, 
NDRC  Report  A-112M. 

This  report  gives  additional  supplementary  .50- 
caliber  data  of  reference  12,  particularly  with  respect 
to  the  effect  of  nose  shape  on  scabbing  and  perforation. 

20.  Final  Report  on  Concrete  Penetration,  Richard 
A.  Beth,  OSRD-6459,  NDRC  Report  A-388. 

This  report  summarizes  tire  work  on  concrete  pene¬ 
tration  and  perforation  which  has  been  dono  at  Prince¬ 
ton  during  World  War  II.  It  then  proposes  an  ap¬ 
proximate  theory  of  concrete  penetration  which  cor¬ 
responds  tc  the  present  state  of  knowledge  on  the 
subject. 

n  PHYSICAL  DESCRIPTION  OF 
PHENOMENA 

Some  of  the  principal  phenomena  resulting  from 
tho  impact  of  inert  nondeforming  projectiles  on  re¬ 
inforced  concrete  slabs  are  illustrated  in  F'gurea  1 
and  2.  Each  drawing  represents  a  section  through  the 
slab  in  the  plane  of  incidence  of  the  projectile  (see 
Figure  3,  Chapter  5)  and  is  drawn  to  scale  from  mea¬ 
surements  of  an  actual  shot.  They  are  arranged  to 
show  the  effects  of  slab  thickness,  striking  velocity, 
and  obliquity.  The  data  were  obtained  in  tho  pcnctra- 
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tion  and  explosion  testa  on  conaete  slabs'  and  aie 
displayed  in  somewhat  different  form  in  Data  Sheet 
SA3,  Chapter  19. 

Figures  1  and  2  are  based  on  observations  made 
with  37-mm  AP  projectiles,  wi'h  cap  and  windshield 
removed.  The  projectile  weight  was  about  1.70  lb, 
which  gives  a  caliber  density  D  of  0,564  lb  per  ca  in. 

**»  Scale  Effect 

Qualitatively  similar  results  have  been  observed 
with  projectiles  of  various  calibers  from  0.30  to  IS  in. 
and  with  AP  and  semi-armor  piercing  [SAP]  bomba. 
Quantitatively,  however,  because  of  the  scale  effect 


in  concrete,  the  effects  illustrated  are  produced  at  pro* 
gresaively  somewhat  lower  striking  velocities  as  th» 
caliber  or  scale  is  increased  for  projectiles  of  the  asm* 
form  and  caliber  density  and  for  targets  of  the  asm* 
concrete  composition,  strength,  sge,  and  thickness  in 
caliber*.  These  scale  effect  results  invalidate  the  rule 
of  thumb  resulting  from  earlier  theories  that  under 
similar  circumstances  penetration  is  proportional  tn 
caliber.  For  largo  changes  in  caliber  this  effect  can 
be  a  serious  one.  In  round  figures  the  massive  penetra¬ 
tion  measured  in  caliber;  Lr  Imge  projectiles  is  ICO 
per  cent  greater  than  that  for  small  projectile*  in 
going  from  .50  caliber  to  16  in.,  and  50  per  cent 


O  Q3  I  2  FEET  RlC*  RICOCHET 

Fioore  1.  Tldn  »Ub.  Pto6!m  of  actual  craters.  Stab:  thickness,  8.9  In.;  compressive  strength,  5,7C0  psi.  Projectile:  37-oua 
M&0;  weight,  1.70  lb;  cap  and  windshield  removed.  Striking  velocity  (fpe)  shown  for  each  impact. 
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Striking  obgguity 

o*  «•  to*  it*  »♦ 


Fioaua  2.  Thlok  ilab.  Pro  (ilea  of  actual  crater*.  Slab:  thlckneaa,  22  In. ;  oompresotve  strength,  5,700  p*l.  Projectile:  87-rrun 
M80;  weight,  1.70  lb;  cap  and  windshield  removed.  Striking  velocity  (fpn)  shown  for  eaoh  impact.  Stuck  projectile* 
actually  shown. 
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g»«ex  in  going  from  1-  to  6-m.  raliberv,  lor  other¬ 
wise  similar  circumstances. 

Being  made  from  obaerrationa  en  actual  shots. 
Figure*  1  and  2  show  not  only  the  general  trends 
iound  by  varying  striking  velocity  and.  obliquity  for 
two  typical  thicknesses  of  slab,  but  also  exhibit  the 
kinds  of  random  variations  from  an  idealized  norm 
which  are  found  even  under  well-controlled  condi¬ 
tions.  It  is  convenient  to  make  an  arbitrary  division 
into  front-  and  back-face  phenomena  for  the  purposes 
of  discussion. 


Front-Face  Phenomena 
Pkoitt  Cratch;  Sraixnre 

Pieces  of  concrete,  called  spalls,  are  ejected  from 
tho  region  surrounding  the  point  of  impact  thus  leaf* 
ing  the  front  crater  seen  in  the  drawings.  The  aim  o t 
the  crater  formed  increases  rapidly  with  increasing 
striking  velocity  up  to  1,200  or  1,500  fpa  for  ordinary 
AP  projectiles  and  less  rapidly  at  still  higher  strik¬ 
ing  velocities.  Its  shape  is  roughly  conical  but  very 
irregular.  The  presence  of  a  reinforcing  layer  or  mat 
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\ju  i  v  -  satricting  effeet 

m  L»L-  '  >  '  /star.  Tha  photo¬ 
graphs  ot  /  -  wpaareace  of  typical 

f root-face  mUn  l  ■.  sire.  Tboaa  illustrated 

vara  produced  by  the  — »  of  -50-calibar,  Ji-> 

and  l&A-una  projectiles,  respectively.  The  photo¬ 
graphs  hart  bean  reproduced  at  difiaxant  ecelst  ao 
that  tha  projectile  diameters  h*v*  the  aana  abaohita 
aiaa  for  ail  of  tha  photograph*. 

PmTunut 

For  a  given  missile  and  target  th*  avenge  normal 
psaet  ration  may  ba  expected  to  increase  with  etrildog 
velocity  according  to  a  amooth  curve.  Actually  the 
random  variation*  of  individual  ahota  from  the  ideal 
mo an  curve  may  be  a*  great  a*  10  or  more  per  cent  in 
penetration.  In  Section  7.3.3  the  mathematical  repre¬ 
sentation  of  the  penetration  curve  will  be  diacuaaed  for 
“maeaire”  targets,  that  is,  target*  ao  thick  that  tha 
concrete  doea  not  begin  to  yield  (scab)  on  tha  back 
face.  When  acabbing  (see  neat  motion)  aeta  in,  perm* 
trations  begin  to  increaao  more  tepidly  with  striking 
velocity  than  indicated  by  the  curve  for  massive  pene¬ 
tration. 

At  striking  velocities  up  to  about  1,003  fpa  a  nor¬ 
mally  incident  projectile  doe*  not  penetrate  beyond 
the  crater  which  it  forma,  and  the  deepest  point  of 
the  nose  impression  appears  roughly  a*  th*  tpex  of 
tho  sloping  crater  aides.  At  higher  velocities  a  non- 
deforming  projectile  begin*  to  form  a  cylindrical 
penetration  Ho)  >  beyond  the  crater,  provided  the  tar¬ 
get  u  thick  on  -ugh.  This  is  illustrated  particularly  in 
tha  crater  profile*  on  the  left  aide  of  figure  2. 

Obliquity  tenda  to  reduce  the  penetration  depth  a* 
measured  perpendicular  to  the  target  face  although 
the  slanting  or  curved  path  length  of  the  projectile 
in  the  target  may  he  almost  the  same  as  in  tho  caae 
of  normal  incidence.  With  ricochet  (tee  below)  this 
path  length  may  be  even  greater  than  for  the  normal 
caea.  For  practical  purposes,  however,  the  depth 
reached  below  the  face  of  the  target  teems  more  sig¬ 
nificant  than  the  slant  depth.  The  drawings  show  that 
this  peipendicular  depth  decreases  in  a  regular  way 
with  increasing  obliquity,  although  the  random  varia¬ 
tions  of  individual  shots  from  an  idealised  averago 
curve  have  been  found  to  be  even  larger  tlum  in  the 
previously  disco-  ,ed  case  of  normal  penetration.  This, 
together  with  the  fact  that  relatively  much  fewer  ex- 
peri  mental  data  are  available  and  the  fact  that  it  is 
expected  that  the  perpendicular  penetrations  at  vari¬ 
ous  obliquities  depend  on  both  nose  shape  and  pro¬ 


jectile  length  in  a  complicated  way,  ha*  made  it  much 
more  ':fflcult  to  establish  general  rales  or  foraulaa 
for  j^etrationa  at  obliquities. 

Sncxora 

In  a  thick  slab,  if  tha  penetration  hole  goes  deep 
enough  beyond  th*  front  crater,  the  projectile  is  likely 
to  stick,  that  is,  b«  held  tightly  et  or  near  it*  maxi¬ 
mum  penetration  without  falling  out  of  the  penetra¬ 
tion  hole  or  rebounding  from  the  target  Experience 
indicate*  that  a  projectile  must  penetrate  at  least  3.S 
to  4.9  calibers  before  it  will  stick,  the  larger  factors 
apparently  being  required  for  thicker  slabs.  Such 
penetrations  will  ordinarily  be  attained  at  normal  in¬ 
cidence  with  striking  velocities  in  the  region  between 
1,000  end  2,000  fpa,  tha  value  depending  on  the  actual 
weight  end  caliber  of  th*  nondeloruiing  part  of  th* 
projectile,  th*  strength  and  penetration  resistance  of 
the  concrete,  end  the  thickness  of  the  slab.  The  veloc¬ 
ity  at  which  sticking  sets  in  with  a  given  projectile- 
target  cc  mb!  nation  is  called  the  ttiching  limit.  The 
sticking  limit  increases  with  increasing  obliquity.  A 
number  of  cases  of  sticking  era  shown  in  the  upper 
two  rows  of  Figure  t. 

The  phenomenon  of  clicking  is  of  special  impor¬ 
tance  with  explosive  projectiles  or  bombs.  It  ia  felt 
that  the  maximum  effect  of  detonation  is  secured  when 
explosion  takes  place  at  the  deepest  penetration  that 
can  be  attained  by  the  inert  missile  before  detonation. 
It  is  practically  impossible  to  fuse  accurately  enough 
for  this  if  the  projectile  rebounds.  In  general  the  fuse 
time  should  be  made  long  enough  to  allow  perfora¬ 
tion  or  the  maximum  penetration  to  be  reached  be¬ 
fore  the  missile  detonates.  If  tho  fuzo  setting  is  greater 
than  the  time  required  for  either  perforation  or  maxi¬ 
mum  penetration,  the  maximum  dam  ago  will  bo  se¬ 
cured  except  in  the  case  of  rebound,  while  if  the  fuse 
setting  is  shorter  tha  projectile  will  be  definitely  han¬ 
dicapped  with  respect  to  tho  target  in  almost  all  cases. 
The  mass  and  striking  velocity  of  bombs  are  usually 
too  low  for  sticking  penetration ;  if  the  target  is  too 
thick  to  be  perforated,  a  bomb  will  rebound  instead 
of  sticking. 

Ricochkt 

Examples  of  ricochet  may  he  seen  in  the  lower 
right  half  of  each  of  the  Figures  1  and  2.  Ricochet 
will  occur  for  a  given  striking  velocity  when  the  ob¬ 
liquity  becomes  great  enough.  Conversely,  for  a  fixed 
obliquity  or  angle  of  incidence  different  from  normal 
there  is  a  limiting  velocity,  the  ricochet  limit,  below 
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which  ricochet  iccur*  end  above  which  the  projectile 
dip  into  the  slab  without  ricochet.  It  will  be  noted 
that  the  iicochet  limit  increases  sharply  with  obliquity. 

Ricochet  greatly  handicaps  the  missile  with  respect 
to  the  target  and  thereby  enhance#  the  protection 
afforded  by  the  slab  while  decreasing  the  relative  ef¬ 
fectiveness  of  the  projectile.  This  applies  particularly 
to  explosive  projectiles  or  bomba  when  the  faze  set¬ 
ting  U  such  that  the  detonation  takes  place  when  the 
missile  is  lo  longer  in  contact  with  the  target.  The 
lateral  and  turning  forces  exerted  on  the  projectile  or 
bomb  during  ricochet  also  pose  difficult  problems  for 
the  fuze  designer. 

Although  perforation  and  ricochet  cannot,  by  defi¬ 
nition,  occur  simultaneously,  it  is  possible  to  have  a 
scab  thrown  off  from  the  back  of  the  slab  when  the 
projectile  ricochets.  With  sufficiently  thin  slabs  the 
front  and  back  craters  so  formed  have  been  observed 
to  overlap  in  such  a  way  as  to  leave  a  clear  hole 
through  the  slab,  even  though  tho  projectile  remains 
on  the  attacking  aide  of  the  slab  and  therefore  docs 
not  perforate  in  the  true  sc nee. 

7A*  Back-Face  Phenomena 

Back  Crates;  Scabbing 

For  a  given  target  slab  a  progressive  increase  of 
striking  velocity  produces,  first,  cracking  on  the  back 
surface,  followed  by  scabbing  of  increasing  extent. 
Scabbing  consists  of  tho  ejection  of  pieces  of  concrete 
from  the  back  of  the  slab  opposite  to  the  impact  point 
thus  leaving  a  back  crater  after  the  shot  The  lowest 
velocity  for  which  scabbing  will  occur  is  called  the 
•ca>  limit  for  any  particular  missile-target  combina¬ 
tion.  scab  limit  increases  slowly  with  obliquity 
for  angles  up  to  10  or  15  degrees  and  more  rapid!; 
for  hr  yc  angles. 

Figure  4  shows  the  appearance  of  typical  back-face 
craters  at  various  scales,  namely  .60-calibor,  37-,  75-, 
and  155-mm.  A';  with  the  front-face  craters  shown  in 
Figure  3,  the  photogrsplis  have  been  reproduced  to 
the  same  scale  in  calibers.  The  back-scab  crater  is 
usually  wider  and  shallower  than  the  front-spall 
crater,  although  both  tend  to  bo  very  irregular  and 
to  show  large  departures  from  symmetry,  smoothness, 
and  reproducibility.  In  reinforced  concrete  often  only 
the  cover  (the  concrete  layer  outside  or  beyond  the 
back-face  reinforcing  mat)  ie  attvully  projected  away 
from  the  slab,  while  a  considerable  amount  of  badly 
broken  and  cracked  target  material  may  be  retained 
within  the  reinforcing  mat  On  the  other  band,  as 
may  be  seen  in  Figure  4,  the  back  mat  tend*  to  widen 


tho  area  of  cover  which  la  loosened  and  thrown  off, 
especially  when  insufficient  shear  steel  i*  provided  for 
tying  each  lateral  bar’ to  the  hod/  of  the  slab  at  closely 
spaced  intervals. 

Below  the  ecab  limit  a  concrete  slab  or  wall  will 
offer  adequate  protection  to  personnel  or  equipment 
not  in  direct  oo-itact  with  the  slab  and  therefore  not 
directly  subjected  to  whatever  mechanical  shock  may 
he  transmitted  through  it.  However,  as  soon  as  scab¬ 
bing  sets  in,  pieces  of  considerable  size  and  velocity 
may  be  thrown  off.  Thus  scabbing  ia  the  first  serious 
sourco  of  danger  to  the  objects  which  the  slab  ia  in¬ 
tended  to  protect  In  this  light  the  scab  limit  rather 
than  the  perforation  limit  is  often  used  as  the  prin¬ 
cipal  criterion  in  the  design  of  protective  concrete. 

Perforation 

The  perforation  limit  ic  the  lowest  velocity  at 
which  tlie  projectile  or  bomb  just  passes  completely 
tlirough  the  slab.  Like  the  scab  limit  it  is  lowest  for 
normal  incidence  and  it  increases  with  obliquity  in  a 
roughly  similar  way.  Beginning  at  the  scab  limit, 
penetrations  increase  more  rapidly  with  striking  ve¬ 
locity  than  in  massive  concrete,  the  excess  being 
largest  just  before  perforation  is  attained.  Hence  the 
perforation  limit  is  found  to  be  markedly  lower  than 
the  velocity  required  to  penetrate  a  distance  equal 
to  the  slab  thickness  in  massive  concrete  of  the  same 
characteristic*. 

Perforation  is  especially  dangerous  in  the  case  of 
explosive  projectiles  and  bombs  that  are  fuzed  to  de¬ 
tonate  after  perforation.  Tho  missile  may  be  expected 
to  produce  the  maximum  damage  to  personnel  and 
equipment  when  this  explosion,  fragmentation,  and 
blast  take  place  within  a  space  entirely  enclosed,  and 
supposedly  protected,  by  concrete  walls  and  roof.  The 
residual  velocity  of  a  projectile,  after  perforating  such 
an  enclosure,  is  usually  insufficient  to  carry  the  pro¬ 
jectile  through  the  far  wall  and  out  again  even  if  the 
direction  of  the  trajectory  is  favorable;  therefore  the 
fuze  time  need  only  be  made  sufficiently  long  to 
secure  maximum  damage. 

Liurr  Velocities 

It  Bhould  be  emphasized  that  the  limit  velocitiea 
for  scabbing  and  perforation  as  they  have  beon  de¬ 
fined  hero  are  idealized  mean  values  at  which  the 
missile  will  just  begin  to  scab  or  to  perforate  the 
concrete  slab  ia  question.  Actually  the  value*  are  not 
sharp ;  repeated  testa  under  well-controlled  conditions 
show  the  some  kind  of  random  fluctuations  as  have 
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Fiacm  4.  Scab  craters  In  concrete  due  to  AP  projoctilca  sinking  Donnally  at  velocities  slightly  above  perforation  limit. 
All  photo  graphs  to  tome  scale  In  calibers.  Cord  grids  placed  in  front  of  craters  show  original  alia. 


been  mentioned  in  connection  with  the  other  concrete 
phenomena.  (Compare  with  Chapter  8.)  In  practice 
it  is  necessary  to  allow  lor  theso  uncertainties  by  using 
an  appropriate  “safety  factor”  or  “ignorance  factor** 
to  ensure  that  scabbing  or  perforation  either  will  or 
will  not  take  place  accordingly  as  the  purpose  ia 
attack  or  defense. 

Limit  Thicknesses 

It  ie  often  convenient,  in  de-ling  with  these  phe¬ 
nomena  for  design  purposes,  to  consider  the  striking 
velocity  fixed  and-to  ask  for  the  slab  thickness  that 
will  just  bo  scabbed  or  just  be  perforated.  Here  again 


the  terms  scab-limit  thickness  and  perforation-limit 
thickness  are  used  for  the  idealized  mean  thicknessea 
without  allowance  for  uncertainties. 

1X*  Important  Characteristics  of 
Concrete  Targets 

The  terminal-ballistic  behavior  of  a  concrete  tar¬ 
get  depends  on  the  nature  and  quality  of  the  concrete 
and  on  certain  construction  features  such  as  size,  re¬ 
inforcement,  etc.  This  is  well  illustrated  by  some  of 
the  phenomena  already  described  and  shown  in  Fig¬ 
ures  1,  2,  3,  and  4.  A  deeper  understanding  of  these 
as  well  as  some  of  the  other  phenomena  to  be  dis- 
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cussed  may  be  gained  by  reviewing  tome  o f  the  more 
important  end  typical  characteristics  of  concrete 
target*. 

Thickness  xkd  Quality  or  Con  cam 

Some  idee  of  the  order  of  else  of  the  concrete  ter* 
get*  under  discussion  mey  be  gained  from  the  tact  that 
practically  all  of  the  experimental  work  ha*  been 
done  on  slab*  whose  thickness  falls  somewhere  in  the 
range  from  3  to  18  caliber*  The  perforation  thickness 
of  good  reinforced  concrete  (say,  5,000-psi  cylinder 
strength)  for  normally  incident  AP  projectiles  at 
2,000  fps  may,  because  of  the  scale  effect  (see  Sec¬ 
tion  7.2.1),  be  ee  low  ee  9  to  12  caliber*  for  .50-cal- 
ibor"  and  ruu  as  high  as  16  to  18  calibers  for 
16-in.**  projectiles.  These  statements  are  merely  in¬ 
tended  as  a  guide  to  the  order  of  magnitude  of  tho 
thicknesses  under  discussion;  whenever  possible  the 
actual  design  of  protective  structures,  estimates  of 
weapon  performance,  or  other  theoretical  work  should 
be  based  on  a  more  detailed  conaideration  of  the  fac¬ 
tors  involved. 

One  of  these  factors  is  the  quality  of  the  concrete. 
In  general,  the  selection  of  materials,  mix  design, 
methods  of  placing,  etc.,  which  govern  the  quality 
of  concrete  for  civil  construction  have  a  similar  effect 
on  the  ability  of  concrete  to  resist  the  effects  of  pro¬ 
jectile  impact.  Extensive  experimental  testa  at  .60- 
calibcr11  ami  smaller  scales*  wore  made  during  World 
War  II  to  study  the  effect  of  concrete  properties  on 
penetration  resistance.  Many  suggestive  correlations 
appear  ih  tho  data  but,  as  may  be  expected,  it  is 
difficult  to  find  a  general  quantitative  formulation 
for  them. 

A  case  in  point  is  the  effect  on  penetration  of 
changea  in  compressive  strength.  This  is  important 
because  compressive  strength  is  perhaps  tho  moat  com¬ 
mon  engineering  designation  of  the  quality  of  con¬ 
crete.  The  sraal'-caliber  testa,  confirmed  by  some  evi¬ 
dence  at  larger  scales,  suggest  the  following  approxi¬ 
mate  rule  of  'mb:**  for  a  given  projectile  and 
striking  velocity  the  normal  depth  of  penetration  is 
inversely  proportional  to  the  square  root  of  tho  com¬ 
pressive  strength  of  the  concrete.  For  example,  an  in¬ 
crease  of  10  per  cent  in  compressive  strength  will 
reduce  penetrations  by  about  5  per  cent  under  other¬ 
wise  eimilar  circumstances.  This  rough  rule  seems  to 
hold  whenever  the  kind,  amount,  and  Bize  distribution 
of  the  aggregate  component  remains  essentially  un¬ 
changed,  and  the  increase  in  compressive  strength  Is 
secured  by  an  increase  in  tho  cement  content  of  tho 


mix  or  by  an  increase  in  the  age  of  the  target  tested. 
But  an  exception  has  been  found  with  difference  in 
strength  occasioned  by  different  coring  condition**1 
Compared  to  otherwise  similar  moist-cured  concrete, 
dry-cured  targets  showed  up  to  20  per  cent  increase 
of  penetration  resistance  while  the  nominal  compres¬ 
sive  strength,  measured  on  companion  cylinders  cared 
with  each  target,  decreased  by  40  to  60  per  cent 

The  experimental  testa  also  show  that  penetration 
is  affected  by  changes  in  the  sggregate  component  of 
the  concrete  in  the  sense  that  on  increase  in  the  sise 
and  amount  of  sggregate  put  into  the  concrete  tends 
to  decrease  penetrations.  But  it  is  not  clear  what  ag¬ 
gregate  parameter  would  be  most  appropriate  for  a 
quantitative  formulation  of  tins  effect,  especially  when 
differences  in  scale  or  caliber  have  to  be  considered. 

The  .60-caliber  tests  on  several  dozen  targets1*  in¬ 
dicate  the  order  of  magnitude  of  the  effect  to  be  as 
follows;  with  concretes  up  to  4,000-p'i  compressive 
strength,  penetrations  decreased  by  about  20  per  cent 
when  the  aggregate  was  changed  from  fineness  modu¬ 
lus  3.0,  Vfc-ln.  maximum  size,  and  66  per  cent  by 
volume,  to  fineness  modulus  5.0,  J-in.  maximum  size, 
and  75  per  cent  by  volume.  For  7,000-psi  concrete 
the  effect  seems  to  be  smaller. 

Even  among  the  three  specific  aggregate  parameters 
named  it  is  hard  to  decide,  on  the  basis  of  experi¬ 
mental  data,  which  is  the  most  appropriate  for  de¬ 
scribing  the  effect  Concrete  technologists  insist  that 
a  reasonably  smooth  gradation  of  aggrogate  sizes,  from 
coarse  stones  and  gravel  down  to  fine  sand,  must  be 
used  in  making  good  concrete.  The  water-cement  ratio 
determines  the  compressive  strength  of  the  resulting 
concrete,  independent  of  the  amount  and  sizes  of 
aggregate  used.  For  a  given  vaier-ccmcnt  ratio,  an 
amount  vf  water-ccment  paste  somewhat  in  excess  of 
that  needed  just  to  fill  the  voids  in  the  dry  aggregate 
is  usually  provided.  Less  paste  will  obviously  result  in 
porous  concrete  and  too  great  on  excess  may  result  in 
nonuciformity,  t  tendency  toward  segregation,  and  an 
unwarranted  increase  in  cost.  An  increase  in  the  ag¬ 
gregate  size,  which  tends  to  decrease  the  proper  ‘don¬ 
ate  volume  of  the  interstitial  spaces  (since  a  smooth 
gradation  down  to  the  finest  6ond  is  still  required), 
also  tends  to  decrease  the  water-cement  paste  required, 
and  thereby  -ends  to  increase  the  percentage  by  vol¬ 
ume  of  solid  aggregate  in  the  resulting  conciete.  A 
consequent  difficulty  is  tho  impossibility  of  making 
accurately  scaled-down  concrete  for  model  tests  in 
which  the  relative  volume*  of  sggregate  and  paste  are 
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maintained.1*****4*  Furthermore,  a  proper  adjust¬ 
ment  of  the  gndaHon  and  tin  amount  of  watar- 
earnest  paate  requires  a  certain  degree  of  correlation 
without,  however,  compelling  a  unique  relationship 
to  exist  among  the  three  aggregate  parameter*  named 
above.  Obviously  the  aame  would  be  true  for  any  other 
aggregate  parameter  which  might  he  domed.  Thie 
ia  the  reason  for  the  difficulty  in  obtaining  a  dear 
experimental  indication  of  the  appropriate  aggregate 
parameter  affecting  penetration,  namely,  it  ia  not  poe- 
•ible  to  vary  any  one  over  a  very  wide  range  end  etill 
maintain  the  other*  constant.  Some  progress  might 
be  made  by  using  statistical  methods,  but  sufficient 
data  for  this  are  not  now  available. 

Theoretical  considerations  have  not  given  a  clear 
solution  of  the  aggregate  problem  either.  Energy  con¬ 
siderations  suggest  that  the  proportionate  volume  of 
aggregate  in  the  concrete  should  play  a  role,  since  the 
energy  required  per  unit  volume  to  crush  a  stone  ag¬ 
gregate  of  good  quality  ia  undoubtedly  greater  than 
that  required  to  crush  a  unit  volume  of  the  interstitial 
mortar.  Since  compressive  strength  is  mainly  a  mea¬ 
sure  of  the  quality  of  the  interstitial  cement,  the 
above-mentioned  experimental  observation  that  the 
effect  of  aggregate  changes  seems  to  be  less  with 
concretes  of  high  compressive  strength  tends  to  sup¬ 
port  the  crushing  energy  considerations  just  described. 
Some  English  interpretations  of  concrete  penetration 
data**-4*  suggest  that  the  aggregate  effect  and  the 
scale  effect  (see  Section  7.2.1)  arise  from  the  same 
car  so  and  that  penetration  ia,  in  fact,  a  function  of 
the  dimensionless  ratio  of  caliber  to  (maximum)  ag¬ 
gregate  size.  It  may  be  possible  to  reconcile  this  inter¬ 
pretation  with  the  energy  consideration  discussed 
above  by  assuming  that  the  degree  of  crushing  of 
aggregate,  and  hence  the  energy  required,  is  in  some 
way  a  joiut  function  of  aggregate  and  projectile  size. 
On  this  basis  the  scale  effect  also  should  be  less  pro¬ 
nounced  with  confutes  of  high  compressive  strength 
and  greater  with  week  concretes.  This  has  not  yet 
been  observed,  but  it  is  doubtful  whether  the  available 
data  are  adequate  to  show  Ibe  effect  if  it  does  exist. 

The  material  of  which  the  aggregate  is  composed 
can  have  some  influence  on  penetration  resistance,  as 
shown  by  small-caliber  teats,11  but  no  quantitative 
laws  connecting  this  effect  with  physical  properties 
of  tho  aggregate  material  have  os  yet  been  found. 

On  the  other  hand,  tests  of  special  cements  or  ad 
mixtures  have  so  far  shown  no  significant  improve¬ 
ment  in  the  penetration  resistance  of  the  resulting 
concrete  in  relation  to  the  compreealve  strength.  Usu¬ 


ally,  if  the  tame  trouble  end  expenae  were  applied  in  j 
making  a  richer  mix  or  in  making  the  slab  thicker,  a  { 
much  greater  increase  in  protection  would  be  secured. 

As  far  as  protective  construction  (fortifications, 
bomb  shelters,  etc.)  it  concerned,  the  net  result  of  the  j 
small-caliber  testa  is  as  follows:  Taking  for  gran  tad 
that  modern  methods  of  mix  design  and  field  pro¬ 
cedures  in  handling  and  placing  are  used  end  that 
a  clean,  hard  aggregate  (e.g.,  quarts  or  traprock,  etc.) 
can  be  selected,  it  is  advantageous  to  use  as  large  a 
fineness  modulus  and  as  large  a  proportionate  volume  j 
of  aggregate  aa  poeuble  in  the  concrete.  The  mad-  I 
mum  aggregate  size  chosen  will,  of  course,  be  limited 
in  the  usual  way  by  the  availability  of  a  reasonably 
good  gradation  belcw  the  maximum,  the  spacing  of 
the  reinforcing  ban,  and  the  thickness  of  the  section 
to  be  poured.  The  change  of  compressive  strength,  and 
hence  of  penetration  resistance^  with  water-cement 
ratio  was  found,  approximately,  to  he  auch  that  for 
a  given  amount  of  cement  about  tho  same  protection 
against  perforation  can  be  secured  whether  a  thick 
stab  with  high  water-cement  ratio  and  weak  concrete 
or  a  thinner  slab  with  low  water-cement  ratio  and 
strong  concrete  ia  made.11  j 

ltRINVOECaUINT 

Aa  a  material,  concrete  ia  much  stronger  in  com¬ 
pression  than  it  is  in  tension.  'When  o  orstresaed  by 
statio  loading  it  fails  in  a  brittle  rather  than  in  a  I 
ductile  manner.  Under  the  impact  of  bomba  and  pro¬ 
jectiles  it  exhibits  the  same  general  characteristics,  i 
which  are  quite  different,  by  and  large, 'from  the  i 
toughness  and  ductility  shown  by  most  metals. 

When  a  massive  concrete  slab  suffers  a  direct  hit 
the  penetrating  missile  crushes  the  concrete  ahead  of 
it  and  tends  to  drive  the  detritus  forward  and  aide- 
wise.  During  deep  penetrations  most  of  this  crushed 
material  is  ultimately  driven  aside  because  of  the  re- 
setion  of  the  compressed  and  confined  material  ahead 
of  the  missile  and  because  of  the  pointed  nose  shape 
of  bombs  and  projectiles.  This  sots  up  strong  radial 
pressures  and  circumferential  tensions  around  the 
penetration  hole  which  recult  in  pronounced  Tadial 
cracking  because  of  the  weakness  of  the  concrete  in 
tension.  The  forces  are  easily  able  to  crock  up  quite 
large  masses  of  concrete  unless  sufficient  reinforcing 
steel  is  present  to  inhibit  the  spreading  of  the  cracks 
and  to  offer  tensile  strength  bridging  the  creeks  that 
are  formed.  With  inadequate  reinforcing;  the  struc¬ 
tural  collapse  following  the  cracking  due  to  a  single 
shot  moy  breach  a  wall  or  roof  completely. 
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Thu  the  principal  function  of  ateel  reinforcement 
la  concrete  protective  structures  is  to  iahihit  mass 
cracking,  u  well  m  ipiintering,  scabbing,  and  apalQng 
(see  below),  which  result  from  a  direct  hit  or  explo¬ 
sion,  and  to  supply  structural,  tensile,  or  flexural 
strength.  The  effect  of  reinforcing  steel  in  reciting 
along  the  path  of  the  projectile  in  can» 
crete  is  too  »m*»  to  warrant  any  large  increase  in 
percentage  of  steel  or  in  complication  of  the  reinforce¬ 
ment  pattern  for  this  purpose.*  See  also  Section  16J.fi 
of  Chapter  IS,  where  impact  testa  on  reinforced  con¬ 
crete  heame  are  discussed. 

For  protective  construction  it  is  felt  that  reinforc¬ 
ing  steel  need  not  exceed  about  one  percent  of  the 


of  weakness  along  which  the  concrete  tends  to  crack 
and  separata  as  a  result  of  impact  or  shock.  The  latter 
tendency  wu  found  to  be  particularly  severe  whn 
sheets  of  expanded  metal  were  tried  as  reinforcing  in 
burster  slab  teats. 

Soma  typical  reinforcement  patterns  are  shown  in 
Figure  5.  The  concrete  cover  over  the  face  mats  should 
be  ae  thin  as  practicable  in  order  to  reduce  spelling 
and  scabbing  as  much  as  possible.  Figure  8  shows  the 
effect  of  front-cover  thickness  on  spall  formation  is 
the  *-«*  of  some  75-mm  tests.  The  striking  velocity  for 
the  upper  two  photographs  was  about  1,900  fps,  and 
about  1,400  fps  for  the  lower  two.  Spelling  of  the  front 
cover  is  also  shown  in  Figure  3.  Similarly  Figure  4 


Floras  8.  Methods  of  reicforcin*  fi-ft  pro  tec  lire  vail  or  roof  slab.  (From  Fortificstious,  Mines  end  Demolitions  Branch, 
Ohio*  of  the  Oust  of  Engineers.) 


total  volume  of  the  concrete  end  that  deformed  bars 
should  be  used  if  available.  Small  bars  with  dose 
spacing  are  somewhat  preferabla  to  large  bars  with 
wide  spacing,  but  the  choice  should  also  take  into 
account  practical  considerations  such  as  the  reletive 
difficulty  of  bending  and  placing  the  steeL  The  ad¬ 
vantage  to  be  secured  by  the  use  of  large  maximum- 
sized  aggregate  has  been  mentioned,  and  the  spacing 
of  reinforcing  bars  should  not  be  so  small  aa  to  make 
the  proper  placing  and  consolidation  of  the  concrete 
difficult  'While  closer  (pacing  tends  to  reduce  the 
width  and  extent  of  cracks  which  interact  the  plane 
of  the  reinforcing,  it  must  also  be  remembered  that 
very  close  spacing  has  been  observed  to  create  planes 


shows  the  way  in  which  the  scab  formed  from  the  back 
cover  is  thrown  away  from  the  elab  while  a  groat  deal 
of  the  broken-up  scab  material  formed  within  the  re¬ 
inforcing  is  rotained  by  the  back-face  mat  Figure  4 
also  illustrates  how  the  b^k-faco  reinforcing  acta  to 
extend  the  area  of  scabbing  along  tbs  plane  of  weak, 
ness  formod  by  the  mat  It  ia  therefore  particularly 
important  to  reduce  the  thickness  of  the  back  cover 
in  protective  construction.  (See  discussion  of  scab 
plates  and  meshes  below.) 

Besides  restricting  the  size  of  front  and  back  ci.t^ra 
and  increasing  the  resistance  to  repeated  hits  by  bold¬ 
ing  broken-up  concrete  in  place,  the  face  mats  also 
serve  their  usual  structural  purpose  in  providing  flex- 
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Fioom  ft.  FAact  ot  oovtt  on  fronWaca  crater  formation.  The  upper  photograph*  an  at  higher  velocity, 


ural  ttrength  for  the  slab.  A  slab  tend*  to  recoil  and 
vibrate  after  impact,  ao  that  tensile  reinforcing  is 
needed  in  the  front  faco  a*  well  aa  in  the  back  face. 

In  protective  construction  more  internal  reinforc¬ 
ing  it  rued  than  in  civil  construction.  Shear  ateel  is 
required  to  tie  the  face  mat*  to  the  body  of  the  slab  at 
frequent  intervale  in  order  to  p;  emote  their  anticra¬ 
tering  functions  a*  described  above ;  an  effective  sys¬ 
tem  it  to  tie  the  face  mats  together  by  shear  steel  run¬ 
ning  through  the  whole  thickness  of  the  slab.  Addi- 
t_  nal  reinforcing  mats  similar  to  the  face  matt  and 
parallel  to  them  are  provided  in  the  interior  of  the 


slab  as  shown  in  Figure  S.  These  supply  tensile 
strength  to  resist  the  cracking  occasioned  by  the  pene¬ 
tration  force*  previously  described,  and  are  particu¬ 
larly  valuable  in  holding  cracked  or  broken  concrete 
in  placo  to  resist  repeated  fire  (however,  ace  Section 
7.2.7).  In  American  practice  these  interior  mats  are 
usually  somewhat  more  closely  spaced  near  the  sur¬ 
faces  of  the  slab  (see  Figure  5),  while  an  equal  apao- 
ing  is  sometimes  advocated  in  England. 

Scan  Plates  and  Meshkj 

Steel  plates  are  often  attached  to  the  back  face  of 
concrete  slabs,  particularly  roofs,  to  inhibit  scab  ejec- 
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tion  ind  to  retain  acab  material  in  the  cue  of  direct 
hit.  In  order  to  function  properly  such  »mbbuig  plate* 
inu»i  be  attached  by  atrongly  **Hed  to«»  or 
jolte  et  frequent  interval*  uahown  in  Fi„  re  7.  Spot 
welding  to  the  iheer  ateel  hu  been  found  to  be  made- 
mute/  Test*  have  ahown  the  abode  of  t  deep  pene- 
trmtion  to  be  auffideni  to  break  auch  wald*  over  a.'^id* 
ut * ;  the  result  can  be  worn  than  having  no  scab  plat* 
at  all  if  the  plate  itaelf  i*  thua  added  to  the  ejected 


of  a  burator  »Ub  is  inereued  by  thia  backing  over  what 
It  would  be  u  an  unbacked  roof  alak 
In  small-acalt  teata  a  acab  meab  embedded  *■ 
back  surface  of  the  eleb  hu  given  excellent  result*  to 
retaining  acab  material  from  contact  explosion*  on  the 
front  aid*  of  tha  alab."  The  me*h  wu  placed  toooa- 
tact  with  the  form  for  the  back-elab  face  and  wu  tied 
to  tha  internal  reinforcing  itructuse.  In  permanent 
construction  it  would  be  naceatary  to  use  bituminous 


PROPERLY  T.EO  ECU  PLATES  IMPROPERLY  T.EO  SORB  PLATES 

CONSTRUCTION 


concrete  acab.  Beside*  being  firmly  attached,  the  acab 
plate  should  be  made  in  one  continuous  sheet  if  poe- 
oible  (or  securely  welded  together  at  the  eeama  of  ad¬ 
joining  sheet*),  with  the  edge*  embedded  in  the  aup- 
ports  u  auggeeted  in  Figure  7. 

It  is  believed  that  a  well-designed  scab  plate  will 
add  from  5  to  10  per  cent  to  the  scabbing  and  perfora¬ 
tion  reaist&nce  of  a  concrete  slab.  In  tha  case  of  a 
burater  slab  the  earth  on  which  it  rest*  form*  a  back¬ 
ing.  Thera  la  evidence  that  the  perforation  realatonc* 


paint  or  other  moan*  to  prevent  the  exposed  portion* 
of  this  mesh  from  being  weakened  by  rust.  In  effect, 
the  idea  behind  the  scab  mesh  is  to  prevent  the  dam¬ 
age  that  may  ba  caused  by  flying  scab  pieces  by  reduc¬ 
ing  the  thickness  of  the  back  cover  to  xcro  (see  the 
discussion  of  Figure  4  above).  It  should  be  emphaa- 
sized  that  more  extensive  and  larger  scale  testa  of  tha 
scab  mesh  idea  are  needed  before  it  can  be  either  re¬ 
commended  or  discarded  u  far  u  full-icale  protective 
construction  is  concerned. 
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LaTXE*  avb  Lamimapoks 

If  a  thick  slab  is  oanstroctad  ia  several  layers  «r 
lamina*  its  resistance  to  perforation  tends  to  be  less 
than  for  a  monolithically  poured  slab  of  the  same  di- 
mansions  and  quality.  On  the  basis  of  87-mm  testa 
with  a  total  slab  thickness  of  1  foot,  it  is  estimated 
that  the  perforation  limit  velocity  will  be  lowered  by 
not  more  than  8  per  cent  per  construction  joint*  The 
outer  layers  should  be  et  least  2  to  8  calibers  thick  and 
reasonable  care  should  he  taken  to  secure  good  me¬ 
chanical  contact  between  the  layers  by  cleaning  and 
washing  off  the  surface  with  water  before  each  new 
layer  ia  poured. 

In  new  construction,  pouring  in  layers  or  lifts  may 
be  justified  for  several  reasons  in  spite  of  the  indi¬ 
cated  decrease  of  efficiency  in  the  concrete  used.  Limi¬ 
tations  of  equipment  and  length  of  working  shift  msy 
make  monolithic  pouring  unpractical.  With  very  thick 
elabe  it  msy  even  bo  s  net  advantage  to  pour  the  mass 
in  sections  with  nfficitnt  time  between  pours  for  set¬ 
ting  and  cooling,  because  the  heat  generated  during 
flatting  may  cause  mast  tempei  ature  strains  and  crack¬ 
ing  with  a  resulting  impairment  of  panetration  resis¬ 
tance.'1  With  old  construction  it  is  sometimes  desired 
to  increase  tho  thickness  and  protective  value  of  exist¬ 
ing  walls,  roofs,  or  burster  slabs  by  adding  a  layer  of 
new  concrete. 

For  design  purposes  with  either  old  jr  new  con¬ 
struction,  it  is  suggested  that,  assuming  clean  contact 
between  layers,  the  above-mentioned  allowance  of  8 
per  cent  in  lin  t  velocity  per  construction  joint  will 
be  found  to  be  on  the  safe  aide. 

Spaced  Suoa 

Model-scale  tests  have  shown  that  e  double  slab 
construction  with  an  air  space  between  tho  slabs  may 
actually  be  more  resistant  to  scabbing,  perforation, 
and  contact  explosions  than  the  some  amount  of  con¬ 
crete  poured  as  s  single  slab."  In  ,60-caliber  tests  e 
double  slab  system,  consisting  of  a  8-in.  front  slab 
separated  by  a  94-in.  air  spaco  from  a  1-in.  beck  slab, 
was  slightly  more  resistant  than  a  single  slab  7  in. 
thick.  The  combination  of  a  8-  and  a  1-in.  slab  with 
a  %-in.  air  gap  had  approximately  the  same  resis¬ 
tance  to  perfore-'en  or  scabbing  as  a  tingle  slab  4  in. 
thick.  Tho  combination  of  s  3-  and  a  1-in.  slab  with 
no  air  gap  waa  less  resistant  than  a  single  slab  4  in. 
thick,  in  agreement  with  the  37-mm  laminated  slab 
.eaulta  mentioned  above. 

It  waa  originally  expected  that  the  acabbing  of  the 
flrat  alab  into  the  air  space  between  the  two  alaba 


would  result  ia  a  net  decrease  in  the  subbing  and  per-- 
f oration  mi  sis  nee  of  the  combi  nation.  The  anomalous 
fact  that  this  decrease  in  resistance  usually  does  not 
take  place  appears  to  be  due  to  the  fact  that  the  pro¬ 
jectile  perforating  the  first  slab  with  a  low  taridoal 
velocity  tends  to  tumble  in  the  air  apace  between  slabs 
cod  atrike  the  second  slab  with  largo  yaws 
The  spaced  aleb  construction  appears  to  ha  very 
promising  on  the  basis  of  the  model-scale  tests,  but, 
as  in  the  case  of  the  scab  mashes  discussed  above,  more 
extensive  and  largcr-acale  testa  are  needed  to  decide 
the  ml  meats  ai  the  ids*. 

CottrauTH  Slabs 

Some  preliminary  work  has  been  done  on  the  prob¬ 
lem  oi  designing  composite  slabs  of  concrete  end  steel, 
or  of  soil  and  concrete,  to  resist  perforation  by  inert 
projectile*. 

The  simplest  method  consists  of  the  following  em¬ 
pirical  procedure."  It  ia  assumed  that  the  limit  thick¬ 
ness  or  proof  thicks  cm  for  each  of  two  materials  et 
the  required  limit  velocity  ia  known.  The  composite 
slab  of  this  limit  velocity  will  consist  of  s  fraction  a 
of  the  proof  thickness  of  the  first  material  in  contact 
with  a  fraction  6  of  the  proof  thickness  of  the  second 
material.  A  graph  is  made  by  plotting  a  against  b. 
Tho  required  values  of  a  and  b  should  lie  on  a  smooth 
curve  whose  end  points  on  the  nxee  are  fixed  because, 
by  definition,  a  ~  1.00  when  6  =  0,  and  *  =  0  when  6 
83  1.00,  and  the  curve  should  be  such  that  a  decreases 
monoto ideally  as  b  increases  end  vice  versa.  In  gen¬ 
eral,  the  curve  may  be  expected  to  lie  in  the  vicinity 
of  the  straight  lina  a  -f-  6  **  1.00. 

A  plot  of  Bomd  . 50-caliber  data  for  combinations  of 
concrete  and  steel  suggests  that  these  curves  may  be 
practically  the  same  no  matter  for  what  particular 
limit  velocity  they  are  made,  and  an  approximate  mean 
curve  has  been  given.  For  similar  .60-caliber  data  on 
soil  and  concrete,  it  was  felt  to  be  more  appropriate  to 
express  the  a  for  soil  as  a  fraction  of  the  mean  penetra¬ 
tion  distance  in  soil  for  the  limit  velocity.  Then  the  a 
versus  6  curves  shoved  a  falling  trend  with  increase  in 
limit  velocity  such  that  tho  curve  falls  above  or  below 
the  straight  line  a  4*  6  =  1.00  by  varying  amounts, 
according  u  the  limit  velocity  is  below  or  above  about 
1,400  fpa.  A  more  complete  investigation,  including 
data  for  larger  calibers,  should  be  made. 

A  second  method  of  designing  composite  alaba  has 
been  suggested,  bused  on  making  estimates  of  the  re¬ 
maining  velocity  of  the  projectile  as  it  reaches  each 
layer  of  different  material  after  the  first*'  This  re- 
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quires  hiring  an  adequate  knowledge  of  the  variation 
of  velocity  aa  a  function  of  depth  during  penetration 
and  perforation  (tea  Section  7.4)  and  making  suitable 
simplifying  assumptions  concerning  the  possible  in* 
teraction  of  the  two  adjacent  materials  as  the  projec¬ 
tile  creates  an  Interface. 

1X1  Edge  Effects 

If  a  projectile  or  bomb  strikee  near  an  edge  of  a 
concrete  aiab  it  tends  tobedeflected  toward  the  edge, to 
achieve  deeper  penetration,  and  to  break  out  concrete 
toward  the  edge.  The  effect  depends  not  only  on  the 
striking  obliquity  and  the  nearness  to  tha  edge,  but 
also  on  the  design  of  the  reinforcing  used  near  tha 
edge. 

It  was  concluded  from  .50-caliber  tests  at  norma! 
incidence  that  the  edge  effect  ia  quite  small  at  dis¬ 
tances  greater  than  6  calibers  from  the  edge  but  may 
be  appreciable  at  A  calibers.1*  The  highest  striking 
velocity  in  these  tests  was  about  2,000  fps  and  them 
was  evidence  that  the  edge  effect  increased,  that  is, 
occurred  farther  from  the  edge,  with  increase  in  strik¬ 
ing  velocity.  This  agrees  with  the  mechanically  plaus¬ 
ible  expectation  that  the  edge  effect  should  actually 
depend  directly  on  the  normal  depth  of  penetration 
in  calibers  in  relation  to  the  distance  from  the  edge 
in  calibers.  Weaker  concrete  permits  deeper  penetra¬ 
tions  and,  pren'tnably,  greater  edge  effects.  Because 
of  the  scale  effect  (sea  Section  7.2.1),  the  normal  cali¬ 
ber  penetration  for  a  given  striking  velocity  increases 
with  caliber;  hence,  for  a  given  striking  velocity  the 
edge  effect  may  be  expected  to  increase  with  caliber. 
Fragmentary  data  from  full-acale  teats**  indicate  tha 
possibility  of  the  edge  effect  occurring  aa  far  as  15 
projectile  diameters  from  an  edge  and  increasing  in 
normal  penetratiou  by  as  much  as  40  per  cent,  com¬ 
pared  to  penetration  in  massive  concrete  at  8  calibers 
from  an  edge.  These  interpretations  of  the  small 
amount  of  full-scale  det*.  available  were  purposely 
made  on  the  safe  ti  le  for  the  design  of  protective  con¬ 
struction  and  thus  probably  overestimate  the  edge 
effect  at  larger  scales. 

Due  to  the  edge  offcct,  embrasures,  firing  ports, 
and  doors  are  the  weakest  porta  of  a  structura.'*’*1 
They  are  the  natural  point?  of  attack  and  therefore 
merit  particular  attention  in  the  design  of  fortifica¬ 
tions  and  other  defensive  structures.  Further  full- 
scale  testa  on  tha  edge  effect  and  means  of  reducing 
it  are  needed. 


rx»  Effect  of  Explosion* 

The  previous  sections  have  dealt  principally  witk 
the  effects  of  inert  impact  on  s  reinforced  concrete 
target.  With  explosive  bombs  and  projectiles  the  effect 
of  the  explosion  is  superimposed  on  the  inert  effects 
preceding  the  instant  of  detonation.  The  effect  of  the 
explosiou  on  the  target  is  conditioned  by  the  position 
which  the  missile  has  reached  at  the  time  of  detona¬ 
tion  and  the  deformation,  if  any,  which  the  missile 
mty  have  suffered  in  the  process. 

The  influence  of  sticking  penetration,  ricochet,  per¬ 
foration,  end  residual  velocity  on  the  results  of  deto¬ 
nation  have  already  been  discussed  in  Sections  7JLS 
and  7.2.3.  If  c  missile  remains  intact  during  perfora¬ 
tion  and  detonates  within  s  protective  structure  it  will 
cause  the  maximum  damage  of  which  it  is  capable. 
This  is  the  primary  intention  of  the  attack.  Short  of 
complete  perforation,  scabbing  offere  the  next  most 
serious  possibility  of  damage  within  a  heavy  concrete 
structure.  Figure  8  shows,  at  the  top,  front  and  rear 
views  of  s  reinforced  concrete  slab  19  in.  thick  after 
the  inert  impact  of  a  75-mm  projectile  at  1,250  fpa.’ 
The  lower  picture!  show  the  samo  slab  after  the  static 
detonation  of  a  simulated  high-explosive  [HE]  pro¬ 
jectile  containing  a  little  over  2 M»  lb  of  TNT  in  the 
penotration  hole.  The  incipient  scab  of  the  upper  pho¬ 
tograph  has  been  thrown  off,  leaving  a  wide  rear  crater 
down  to  the  back  reinforcing  mat,  and  there  is  a  clear 
hole  through  the  elab.  The  front  crater  has  been 
widened  and  the  reinforcing  thrown  out  from  the 
crater. 

A  useful  quantity  in  dealing  with  explosive  projec¬ 
tiles  end  bombs  is  the  caliber  charge  density  Dt  de¬ 
fined  by: 


where  c  is  tire  weight  of  the  charge  in  pounds  and  d 
is  the  maximum  diameter  or  caliber  in  inches.  From 
the  definition  of  caliber  density  D  (2?  —  w/d*)»  it 
Is  evident  that 


where  c/v>  is  the  ebargo-woight  ratio  of  the  missile. 
Since  higher  charge-weight  missiles  in  general  have 
smaller  caliber  densities,  Dt  tends  to  be  more  nearly 
the  samo  than  cither  D  or  c/ w  for  HE  missiles.  Its 
value  seldom  goes  above  Ho  lb  per  cu  in.,  and  many 
HE  shells,  SAP,  and  general-purpose  [OP]  bombs 
have  caliber  charge  densities  Dt  approaching  this 
value. 
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Fwoa*  8.  Front  and  rear  view  of  typical  crater  before  and  after  etatio  detonation  of  HE  projectile. 


The  si  mulcted  projectilo  whose  effects  are  shown  In 
the  lower  two  photographs  of  Figure  8  hud  a  value  of 
D,  of  about  Vio  lb  per  cu  in.,  and  it  waa  statically 
detonated  at  the  maximum  penetration  previously 
pr  iduced  by  an  inert  projectile.  It  is  generally  felt 
that  these  condition*  will  produce  as  severe  an  effect 
on  a  concrete  target  as  may  be  gotten  in  combat  from 
any  ot  the  usual  explosive  missile*  for  the  caliber  nnd 
striking  velocity  used.  In  this  sense,  Figure  8  illus¬ 
trates  the  maximum  effect  that  may  be  expected  from 
an  explosive  missile  when  the  inert  penetration  before 
detonation  is  near  the  scabbing  limit  for  the  alab. 

The  effect  of  an  v.xploeion  following  inert  penetra¬ 


tion  into  a  massive  concrete  target  is  illustrated  in 
I  igures  9  end  10.’  The  crater  profiles  of  Figure  9  are 
based  on  measurements  of  three  actual  shots*  with 
caliber  charge  densities  of  about  0.007,  0.07,  and  0.11 
lb  per  cu  in.  respectively,  reading  from  top  to  bottom. 
The  black  area  in  each  case  represents  the  additional 
concrete  removed  by  the  explosion  following  the  inert 
penetration  outlined  by  the  white  area. 

It  is  ovident  that  the  increase  in  penetration  depth 
produced  by  tbs  o^ploa’on  is  fairly  small.  According 
to  a  rough  rule  of  thumb  this  increase  in  depth  of  hole 
is  only  about  Vi  cATfber  or  less  for  common  types  of 
HE  missiles. 
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It  might  be  expected  that  thie  additional  penetra¬ 
tion  depth  would  increase  with  the  depth  of  the  pre¬ 
ceding  inert  penetration  because  of  the  increasing 
confinement  of  the  explosive  charge.  In  spite  of  at¬ 
tempts  to  do  so,  this  expected  tendency  has  not  been 
found  in  the  arailsble  observations,  but  it  most  be  ad¬ 
mitted  that  the  date  show  considerable  fluctuations 


•ue  irner  or 


explosion 


CMAROt/WtIOHT  ■  l.t  PERCENT 
POR  w/J*  •  0.08  If /IN* 


o0 » o.or  lb/in.* 

CHAR8C/WEI0NT  •  It. 8  PCROCNf 
FOR  w/d*  •  0.30  LB/ IK.* 


00»  0.11  LB/IN* 
OHAROC/W0IOHT  *  SO  PERCENT’ 
ro  R  */<<*•  0.00  19/IN.* 


Piaoaa  9.  Effect  o I  penetration  of  Inert  projectile*  plus 
detonation  of  explosive  projectile*  in  reinforced  concrete. 


from  the  mean.  The  nature  of  these  fluctuations  fa 
suggested  by  the  irregular  outlines  of  the  actual  crater 
profiles  in  Figure  9.  At  least  until  more  data  on  thia 
point  become  available  it  may  be  assumed  as  a  first 
approximation  that  the  increase  in  dept^t,  As  calibers, 
due  to  an  explosion,  is  independent  of  the  depth  of 
inert  massive  penetration  attained  before  the  detona¬ 
tion.  Thia  even  eeems  to  give  fairly  good  estimates 
when  the  missile  detonates  on  the  surface  of  the  con¬ 
crete  without  penetrating  appreciably  before  detona¬ 
tion. 

A  small  amount  of  data,  such  as  that  shown  in 
Figure  8,  for  different  caliber  charge  densities,  has 
led  to  the  auggeation  that-tha  increase  in  depth  As 
may  be  estimated  from 

As  =  0.6  (10H«)4  calibers.  (3) 

Additional  data  are  needed  to  teat  thia  relationship. 
This  formula  haa  been  expressed  in  terms  of  the  quan¬ 
tity  1QD,  to  facilitate  making  mental  estimates  of  As, 
since,  for  the  most  effective  HE  projectiles  and  bomba, 
10D#  will  be  nearly  unity,  as  discussed  above. 

The  crater  profiles  of  Figure  9  show  that  the  lat¬ 
eral  effect  of  the  explosion  is  relatively  larger  than  the 
increase  in  depth  of  the  penetration  hole.  The  increase 
of  front  crater  was  also  shown  on  the  left  aide  of  Fig¬ 
ure  8.  The  effect  of  different  types  of  reinforcing  on 
the  videning  of  the  front  crater  ia  illustrated  in  Fig¬ 
ure  10,  where  the  bottom  photographs,  showing  the 
crater  after  detonation,  are  reproduced  to  the  same 
scale  at  the  corresponding  views  before  detonation  at 
the  top.  The  removal  of  concrete  and  the  widening 
of  the  front  crater  are  particularly  important  with 
repeated  fire  (see  8ection  7.2.7)  or  in  case  the  weak¬ 
ened  wail  or  slab  is  subjected  to  subsequent  attack  of 
any  kind. 

The  effect  on  coucreto  due  to  the  explosion  of  a 
bomb  or  other  charge  in  contact  with  the  slab  and  at 
various  distances  from  it  in  air  is  discussed  in  Section 
16.2.  Similarly  the  effect  of  underground  explosions 
on  reinforced  concrete  slabs  and  walls  it  discussed  in 
Section  3.7. 

In  connection  with  the  design  of  fortifications  and 
other  protective  structures,  attention  is  drawn  to  some 
model-scale  tests  of  contact  oxplosions  on  concrete.44 
These  indicated  that  an  advantage  would  bo  gained 
for  the  defender  by  utilizing  the  scab-mesh  and 
ipaced-siab  constructions  discussed  in  Section  7.2.4 
against  contact  explosions.  Larger  scale  test*  of  these 
construction  methods  are  needed. 

During  World  War  II,  a  considerable  amount  of 
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Vigor*  10.  Front  cntttrs  bo/or#  and  after  itatlo  detonation  o f  HE  projectile*,  showing  effect  of  different  type*  of 
•  reinforcing. 


development  work  was  done  on  both  sides  toward  in¬ 
creasing  the  effectiveness  of  explosive  missiles  against 
concrete.  The  Germans  developed  special  anticoncrete 
projectiles'1'9’  for  artillery  fire  (150-ram,  210-mm, 
etc.)  ns  well  as  a  number  of  hollow  charge  projectiles 
and  bombs  which  could  be  used  against  concrete  as 
well  as  armor."  In  England,  and  to  a  lesser  extent, 
in  the  United  States,  thcro  was  interest  in  increasing 
the  size,  caliber  density,  and  striking  velocity  of  bombs 
for  attacking  concrete,  especially  heavy  protective  con¬ 
struction  like  the  German  submarine  pens.  A  large 
amount  of  work  was  done  on  methods  of  breai  v‘  ,~ 
concrete  antitank  walls  and  reducing  other  concrete 
defenses.  (See  Section  7.2.7.) 


While  no  specially  designed  anticoncrete  HE  pro¬ 
jectiles  were  developed  in  the  United  States  during 
World  War  II,  a  very  interesting  compromise  solution 
was  worked  out  to  make  use  of  standard  HE  projectiles 
wills  a  special  nose  fuze  for  attacking  concrete."  To 
obtain  the  maximum  explosive  effects  that  have  been 
described  above,  two  things  are  necessary:  (1)  the 
miesile  must  remain  essentially  intact  during  the  in¬ 
ert  penetration  stage  preceding  detonation,  both  to 
promote  maximum  inert  penetration  and  to  keep  the 
charge  and  fuze  in  condition  for  high-order  detona¬ 
tion,  and  (2)  the  fuze  must  provide  sidHdcut  delay 
to  permit  maximum  penetration  (or,  in  tho  best  case 
perforation)  before  detonation.  The  latter  is  obviously 
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*  faze  design  problem.  It  tarns  oat  that  the  former, 
also,  is  dependent  to  s  great  extent  on  the  mechanical 
design  of  the  hue  element,  in  the  sense  that  the  fuse 
contours,  strength  of  parts,  and  method  of  attachment 
to  standard  HE  projectiles  (e-g.,  90- mm  or  105-mm) 
can  be  mede  to  increase  the  missiles*  resistance  to  de¬ 
formation  against  concrete;  and  indeed,  to  reduce  the 
probability  of  deformation  to  a  practicable  minimum 
under  field  conditions. 

For  maxima'll  effect  the  faze  delay  should  be  et 
least  as  great  as  'he  time  of  penetration.  On  ths  other 
hand,  it  should  not  exceed  this  total  time  of  penetra¬ 
tion  by  too  much  in  caso  the  projectile  rebounds  from 
the  targe'  without  sticking  or  in  case  of  ricochet  (see 
Section  7.2  JJ). 

Very  little  work  has  been  done  on  direct  measure¬ 
ment  of  the  time  of  penetration  and  not  enough  is 
known  about  the  theory  of  penetration  for  computing 
this  time  very  accurately  (however,  Section  7.4). 
Until  a  better  experimental  or  theoretical  basis  be¬ 
comes  available,  .t  is  suggested  that  the  total  time  of 
penetration  f,  be  estimated  from  “,,i" 


where  x,  is  the  depth  of  maximum  penetration  and 
«,  is  the  striL-ing  velocity.  A  consistent  set  of  units  is. 
implied;  for  example,  if  z,  is  in  ft  and  v,  in  fps,  t, 
will  be  in  sec.  This  relation  would  be  exact  if  the  force 
reaisting  penetration  were  a  constant  However,  there 
are  reasons  for  expecting  that  the  estimate  of  <,  so  ob¬ 
tained  will  not  be  too  far  wrong  in  the  actual  case  in 
which  the  force  during  penotration  is  not  strictly  con¬ 
stant  The  relation  given  is  at  least  simpler  and  even 
probably  more  accurate  than  some  relations  based  on 
an  assumed  law  cf  resisting  force  that  have  been  sug- 
gested.'*,1Mf  Equation  (*)  has  some  physical  basis 
and  males  allowance  in  the  right  direction  far  both 
x,  and  r0.  It  is  certainly  better  than  assuming  ft  to 
be  a  constant  regardless  of  caliber. 

ixt  Effect  of  Repeated  Fire 

The  effect  of  repeated  hits  on  reinforced  concrete 
dopends  on  the  dispersion  of  the  points  of  impact  and 
the  degree  to  which  the  slab  reinforcement  tends  to 
hold  the  debris  in  place  to  offer  resistance  to  later 
shots.  Small  dispersion,  for  example,  such  that  succes¬ 
sive  hits  fall  within  the  spall  crater  of  the  first  shot, 
is  advantageous  for  the  attack,  if  the  object  ia  to  per¬ 
forate  the  slab  as  soon  aa  possible  with  at  least  one 
projectile,  us  ia  often  the  case  when  a  atrong  point  ia 


to  be  neutralised  and  particularly  when  explosive 
projectiles  aze  available.  If  the  object  ia  to  make  a 
breach  of  given  site  as,  for  example,  in  an  antitank 
wall,  a  relatively  greater  fire  power  !a  needed  smd  vVe 
distribution  of  hits  will  ee  determined  by  the  • 
of  gap  desired. 

Model-scale  repeated  fire  testa  have  been  made  with 
.50-caliber  zionexploiiTe  projectiles.1*  Successive  im¬ 
pacts  were  placed  within  a  5-in.  diameter  circle,  that 
is,  within  s  5-caliber  radius  circle  measured  from  the 
first  impact  point.  Thus  the  later  shots  fell  well  with¬ 
in  the  spall-crater  radius  of  the  first  shot  The  strik¬ 
ing  velocity  was  kept  approximately  constant,  about 
1,400  fpa  for  successive  rounds.  Crater  profiles  weie 
measured  at  frequent  intervals  during  the  firing  and 
the  number  of  inert  shots  required  to  perforate  slabs 
of  various  thicknesses  were  found.  The  data  show  that 
tho  additional  depth  of  penetration  due  to  each  im¬ 
pact  was  in  every  case  leas  than  the  penetration  of 
the  first  round  and  that  the  number  of  rounds  re¬ 
quired  for  perforation  increased  roughly  as  the  cube 
of  the  thickness.  This  is  perhaps  physically  plausible 
on  the  assumption  that  equal  increments  of  energy 
delivered  by  successive  shots  remove  roughly  equal 
increments  of  concrete  from  the  hole.  Howaver,  it  ia 
then  striking  that  the  relation  was  found  for  perfora¬ 
tion  rather  than  penetration  and  also  that  it  holds 
(roughly)  down  to  the  single-shot  perforation  thick¬ 
ness.  It  was  also  concluded  that  multiple-layer  in¬ 
ternal  reinforcing  increased  the  resistance  of  tire  alab 
to  repeated  fire  attack,  relative  to  that  offered  by 
similar  slabs  without  internal  reinforcing  mats,  in 
line  with  the  previoua  discussion  (Section  7.2.4)  of 
the  tendency  of  reinforcing  to  hold  cracked  and 
broken  concrete  in  place. 

Some  data  at  larger  scale  have  been  obtained  on 
the  effect  of  repeated  inert  fire  under  field  condi¬ 
tions.'*  The  less  strictly  controlled  conditions  make  the 
analysis  of  these  tests  more  difficult.  It  had'boen  con¬ 
cluded,1’  however,  that  the  depth  uf  penetration  with 
repeated  fire  increased  at  a  rata  somewhere  between 
tire  second  and  fourth  roots  of  the  number  of  shots, 
aod  that  perforation  could  finally  result  when  the 
target  thickness  was  only  2  or  3  calibers  greater  than 
the  total  depth  of  penetration  to  attained.  Within  tha 
accuracy  involved,  these  results  tend  to  confirm  tha 
previously  stated  model-scale  findings  for  larger  cal¬ 
ibers. 

It  should  be  emphasized  that  these  results  were 
found  for  norma),  or  nearly  normal,  incidence.  Tha 
depth  of  penetration  for  repeated  fire  measured  per* 
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pandicularly  to  tiu  ilab  fact  will  undoubtedly  da* 
«naaa  with  increasing  obliquity,  probably  in  about 
tba  ratio  that  the  single-shot  depth  decreases.  How* 
ever,  lor  higher  obliquities  approaching  the  ricochet 
angle,  or  angles  at  which  tha  first  projectile  tends  to 
turn  and  follow  a  curved  path  in  tha  concrete,  tha 
repeated  fir*  depth  may  be  expected  to  show  less  do* 
crease  dna  to  obliquity  than  the  aingle-ahot  depth, 
fcocauae,  within  the  craters  produced  by  the  first  shots, 
the  actual  striking  angle  tends  to  be  altered  to  favor 
succeeding  rounds.  Similar  effects  may  be  expected 
for  the  increased  number  of  rounds  required  for  per* 
foration  as  the  obliquity  is  ineroimfct- 

Edge  effects  for  repeated  fire  have  been  atudied  ex¬ 
perimentally  and  crater  profiles  determined  with  .20- 
calibor  inert  projectiles;  some  observation!  are  avail¬ 
able  at  larger  calibers  in  the  reports  already  cited.  In 
a  general  way  the  results  follow  the  description  given 
above  and  in  Section  7.8.5. 

Extensive  testa*4  were  made  in  England  during 
World  War  II  on  the  breaching  of  reinforced  concrete 
antitank  walls  by  repented  fire  using  various  specific 
combinations  of  inert  AP  shot  and  HE  shell.  The  idea 
behind  this  pick-and-shovel  tactic  is  that  the  solid 
projectiles  will  achieve  maximum  penetration,  crack¬ 
ing,  and  breaking  up  of  the  concrete,  while  the  1  ess 
penetrative  explosive  projectiles  will  be  more  effective 
in  removing  rubble  and  cutting  reinforcing  from  the 
section  of  the  wall  to  be  breached.  This  in  turn  per¬ 
mits  the  solid  shot  to  reach  deeper  layers  of  the  solid 
wall  and  the  process  is  repeated  until  the  required 
breach  is  made. 

Some  of  the  conclusions  drawn  from  the  British 
test,  listed  and  summarized  iu  the  reference  given,44 
are  as  follows.  Short  ranges  (1,000  yd  or  less)  are 
desirable,  since  random  hitting  is  considerably  reduced 
and  the  effect  of  the  incrouccd  striking  velocity  is  very 
marked.  HE  shells  must  be  used  in  addition  to  the 
AP  chot  in  the  proportion  of  1  HE  shell  to  4  or  5 
AP  shot.  They  are  necessary  to  cut  the  reinforcing 
and  clear  the  rubble.  HE  shells  must  not  be  fired  too 
early  or  too  late.  One  or  two  rounds  after  each  ton 
rounds  of  AP  give  the  best  results.  If  the  firing  of 
HE  shells  is  postponed  too  long,  all  the  concrete  wilt 
have  fallen  away  and  only  the  reinforcement  will  bo 
left,  in  which  case  it  is  difficult  to  hit  and  destroy. 
The  number  of  QE  shells  should  be  kept  to  the  mini¬ 
mum  necessary  to  cut  the  reinforcement  and  clear  Ilia 
rubble.  An  excess  of  HE  will  reduce  the  rubble  to  fin* 
duet,  which  does  not  give  a  good  grip  to  tank  tracks. 
Craters  will  also  be  formed,  making  passage  of  the 


gap  difficult.  The  less  the  reinforcement,  the  mote  x»- 
■Utant  the  wall  is  to  battering  end  the  more  shot  end 
shell  are  required  to  break  it  up.  For  this  situation, 
test  observations  run  counter  to  the  usuel  conclusions 
(Section.  7.2.4)  that  reinforcement  tends  to  hold  tha 
cracked  and  broken  concrete  in  place.  14  however,  tha 
reinforcement  is  very  heavy,  additional  shells  ext 
usually  required  to  cut  it. 

This  is  probably  the  best  method  for  breaching  a 
wall  with  gun  fire.  The  results  obtained  suggest  that 
similar  combination  shot  and  shell  methods  would 
also  be  advantageous  for  neutralising  a  concrete-pro¬ 
tected  strong  point  whenever  repeated  fire  must  bo 
used.  In  this  case  the  primary  object  would  not  neces¬ 
sarily  be  to  create  a  breach,  but  to  get  one  or  more 
explosive  projectiles  to  detonate  within  tho  bunker 
or  fortification  being  attacked. 

«  ANALYSIS  OF  EXPERIMENTAL  WORK 

In  Section  7.2  the  more  important  terminal- 
ballistic  phenomena  for  concrete  have  been  described. 
A  number  of  more  or  less  quantitative  conclusions 
have  already  been  drawn  from  the  experimental  ob¬ 
servations  discussed. 

It  is  the  purpose  of  this  section  io  show  how  some 
6f  the  more  important  phenomena  may  be  summarized 
and  correlated  by  graphs,  diagrams,  and  empirical 
formulas.  The  empirical  formulae  will,  in  turn,  form 
the  basis  for  the  theory  of  concrete  penetration  to  be 
discussed  in  Section  7.4. 

Throughout  this  section  considerable  emphasis  Is 
put  on  recommendations  for  further  work,  both  ex¬ 
perimental  and  analytical.  The  method  of  Section 
7.3.3  for  analyzing  the  normal  penetration  curve  wes 
devised  toward  the  end  of  World  Wcr  II.  Normal 
penetrations  form  the  point  of  departure  for  the  an¬ 
alysis  of  scabbing,  perforation,  the  effects  cf  obliquity, 
etc.  It  is  felt  that  the  methods  of  Section  7.3.3  will 
form  a  much  moro  accurate  basis  for  estimating  nor¬ 
mal  penetrations  than  the  various  methods  hereto¬ 
fore  used  and  that  the  analyses  of  Sections  7.3.4,  7.3.5, 
7.3.8,  and  7.3.7  can  be  much  improved  by  using  the 
new  mothod  for  normal  penetrations.  It  seems  logical 
to  mako  a  number  of  recommendations  for  further 
experimental  work  in  conjunction  with  the  description 
of  the  analysis  of  past  experiments. 

7-il  Ballistic  Limiu 

A  graphical  summary  of  the  ray  in  which  the  va¬ 
rious  ballistic  limits  (perforation,  scabbing,  sticking, 
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and  ricochet)  v ary  with  striking  obliquity  end  Teloc¬ 
ity  may  be  given  in  the  form  shown  in  Figures  11 
and  IS.  Each  such  die?*  am  refers  to  s  particular  tar¬ 
get  and  projectile  combination;  the  examples  given 
are  based  on  the  same  concrete  slab  and  projectile  as 
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Fionas  11.  TWc-elab  ballistic  limit*.  Based  on  data  of 
Figure  1.  Target,  8.9  in.  thick;  projectile,  37-mra  M80, 
weight  1.70  lb. 


the  crater  profiles  shown  in  Figures  1  and  2,  and  in 
Data  ohect  2A3  of  Chapter  19.  The  general  form  of 
the  curve*  shown  may  be  expected  to  be  similar  for 
any  perforate  concrete  target  and  nondeforming  in¬ 
ert  projectile  or  bomb  of  conventional  type. 

The  graphs  are  symmetrical  about  the  zero  obliq¬ 
uity  rndiua  and  only  one  half  of  the  diagram  would 
ordinarily  bo  needed  to  present  the  information.  The 
complete  diagrams  are  given  here  to  emphasize  the 
fact  that  the  perforation,  scabbing,  and  slicking  limit 
curves  all  cross  the  zero  obliquity  axis  normally.  This 
fact  must  be  remembered  when  diagrams  arc  mado 
showing  obliquities  on  only  one  side  of  9  —  0  degree. 

These  diagrams  also  show  that  the  perforation, 
acabbing,  and  Kicking  limit  velocities  increaao  faster 
than  secant  9  with  obliquity  9.  This  has  led  to  at¬ 
tempts  to  express  the  ratio  of  the  oblique  to  tho  nor¬ 
mal  limit  in  each  case  as  a  constant  power  of  sec  9, 
the  exponent  being  greater  than  unity.  However,  this 
yields  only  very  rough  agreement  because  the  beat 
exponent  to  fit  tho  data  for  each  limit  appears  to 
vary  with  both  obliquity  and  slab  thickness. 

A  comparison  of  Figures  11.  and  12  shows  that  the 
sticking,  scabbing,  and  perforation  limits  do  not  al¬ 
ways  occur  in  the  same  order  for  various  slab  thick¬ 
nesses.  Perforation,  of  course,  always  occurs  at  a 
higher  velocity  than  scabbing,  aince  both  are  essen¬ 


tially  back-fan  phenomena  (see  Section  -7.8.8).  Bob 
for  a  sufficiently  thick  target,  sticking  depends  on  the 
depth  of  penetration  beyond  the  front  face  and  is, 
therefore,  classed  as  a  front-face  phenomenon  (see  Sec¬ 
tion  TJ9J2).  As  the  slab  thickness  is  decreased,  the 
aoabbing-Iiznit  velocity  decreases  until  the  acabbing- 
hmit  curve  begins  to  pas*  the  sticking -limit  curve, 
which  is  believed  to  change  only  slowly,  if  si  all, 
down  to  this  particular  slab  thickness.  With  a  further 
decrease  in  slab  thickness  the  aticking-limit  velocities 
as  well  as  the  scab-limit  velocities  decrease,  although 
the  scab-limit  velocities  decrease  more  rapidly.  Thus 
with  the  thin  slab,  Figure  11,  sticking  occurs  at  highot 
velocities  than  scabbing,  bat  at  lower  velocities  than 
with  the  thick  slabs,  Figure  12.  If  the  slab  is  suffi¬ 
ciently  thin,  sticking  will  presumably  not  occur  at  any 
velocity,  aince  the  slab  will  be  perforated  before  stick¬ 
ing  can  take  place. 

Ricochet  is  also  a  front-face  pi-.cuomenon  (see  Sec¬ 
tion  7.2.2),  and  by  definition,  cannot  occur  simul¬ 
taneously  with  cither  sticking  or  perforation.  However, 
as  shown  in  Figure  11,  ricochet  of  the  projectile  and 
acabbing  of  the  target  can  occur  simultaneously. 

It  is  interesting  to  speculate  on  the  course  these 
curves  should  take  with  increasing  velocity  and  obliq¬ 
uity  :  for  example,  on  how  the  sticking-  and  rioochet- 
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Fionas  12.  Th.ck-«lsb  b&liktlc  limits.  Based  on  data 
of  Figure  Target,  22  in.  thick;  projectile,  37-rom 
MSO,  weight  1.70  lb. 


limit  curves  approach  one  another,  or  on  tho  expected 
curvature  of  the  sticking-limit  curve.  However,  thia 
is  not  important  uutil  significantly  higher  striking 
velocities  ore  used  on  concrete.  For  the  situations 
which  are  at  present  of  practical  interest  the  various 
limit  curves  may  be  expected  to  exhibit  the  general 
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characteristic*  shown  in  Figures  11  and.  12  and  dis¬ 
eased  abort. 

w*  Vulnerable  Area* 

The  polar  diagrams  just  described  show  the  various 
ballistic  limits  as  functions  of  striking  velocity  and 
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Fiootub  13.  Thia-sUb  vulnerable  areas.  Baaed  on  data 
of  Figure  1.  Target,  8.9  in.  thick;  projectile,  37-ram 
M80,  weight  1.70  lb,  rauaile  velocity  2,900  fpa. 


obliquity  for  a  specific  target  and  a  specific  projectile. 
If.  in  addition,  the  muzzle  velocity  of  the  gun  and  tha 
range-velocity  relation  of  the  projectile  are  known  or 
aesumed,  it  is  possible  to  construct  the  vulnerable- 
area  diagrams  shown  in  Figures  13  and  14. 

A  vulnerablc-a.  a  diagram  is,  in  effect,  a  map  laid 
out  with  range  and  obliquity  relative  to  the  target 
face  as  polar  coordinates.  This  map  shows  the  outlines 
of  tho  arena  within  which  the  gun  in’iat  be  placed  to 
obtain  aticking,  scabbing,  or  perforation,  or  to  avoid 
ricochet,  a6sumiug  the  target  to  be  a  vortical  wail  and 
tho  trajectory  to  be  horizontal  at  striking.  As  is  obvi¬ 
ous  from  Figure  12,  the  thick  slab  cannot  bo  perfo¬ 
rated  at  all  by  the  gun  of  the  present  example  for 
which  the  muzzle  velocity,  that  ia,  the  maximum  veloc¬ 
ity  available,  is  only  2,900  fps.  Tho  vulnerable  area  for 
scabbing  i  \  much  smaller  than  that  for  aticking. 

Aa  the  slab  thickness  is  decreased,  the  scabbing  area 
increases  while  a  perforation  area  appears  and  like¬ 
wise  grows.  It  is  thought  that  the  sticking  region 
changes  very  slowly  until  the  boundary  of  the  scab¬ 
bing  region  overtakes  it  and  that  then,  with  further 
decrease  in  slab  thickness,  the  sticking  region  ex¬ 
pands  also,  although  not  so  r  .pidly  as  the  scabbing 
area.  For  sufficiently  thin  slabs  tho  phenomenon  of 
sticking  probably  disappears  entirely  and  the  projec¬ 


tile  either  fall*  on  the  front  or  gun  aide  of  the  slab 
or  else  perforate*  tha  slab.  Aa  shown  in  Figure  18, 
scabbing  occurs  at  greater  ranges  than  sticking  for 
the  thin  slab  while  the  converse  ia  true  for  the  thick 
slab  (2%  times  as  thick)  of  Figure  14.  Comparison 
of  the  two  figures  also  shows  that  sticking  ocean  at 
greater  ranges  (he.  lower  striking  velocities)  fer  the 
thin  slab  than  for  tha  thick  slab 
A  vulnerable-area  plot  of  the  type  shown  in  Figure* 
13  and  14  contains  practically  all  of  the  essential  in¬ 
formation  needed  in  either  an  operational  analysis  of 
the  estimated  effect  of  a  single  inert  shot  attack  on  a 
concrete  target  or  in  designing  a  concrete  slab  to  resist 
this  specific  attack.  Analogous  diagrams  for  steel  and 
armor  plate  have  been  used  for  the  design  of  armored 
vehicles  and  tanks.  Their  uso  is  suggested  in  a  aimil  ' 
way  in  the  design  of  fortifications.  The  difficulty  lies 
in  making  quantitative  predictions  of  tha  various 
vulnerable  and  ricochet  areas  for  arbitrarily  selected 
gun,  projectile,  and  slab.  Nevertheless,  even  aemiquan- 
titative  maps  of  this  type  will  help  to  clarify  the  for¬ 
tification  designer's  problem. 

If,  for  example,  a  seacooat  fortification  ia  being  de¬ 
signed  against  16-in.  naval  gunfire,  only  the  deep¬ 
water  areas  from  which  an  enemy  might  conceivably 
fire  such  weapons  need  be  outtido  the  area  defined  by 
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Figure  14.  Thlck-alnb  vulnerable  areas.  Baaed  on 
data  of  Figure  2.  Target,  22  io.  thick;  projectile,  37-nun 
M SO,  weight  1.70  lb,  mustlo  velocity  2,000  fpa. 


tho  scabbing  and  ricochet  limits.  The  designer's  prob¬ 
lem  ia  to  choose  the  site,  orientation,  and  slab  thick¬ 
nesses  so  that  this  will  bo  true  for  each  wall  of  the 
fortification.  Since  this  end  ia  to  be  achieved  at  the 
lowest  cost  for  material*  and  construction,  it  would, 
for  example,  be  concluded  in  this  case  that  the  land- 
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ward  valla  need  not  be  u  thick  u  the  seaward  valla, 
or  that  even  the  seaward  walla  can  be  reduced  in  thick* 
ness  bj  orienting  them  so  that  the  deep-water  areas 
fall  within  the  ricochet  regions  for  these  walls. 

According  to  this  method  of  analysis,  vulnerable- 
area  diagrams,  of  the  type  shown  in  Figures  IS  and 
14,  an  made  for  each  wall  of  the  proposed  fortifica¬ 
tion  or  bunker.  The  vulnerable-area  diagram  for  the 
whole  structure  is  composed  of  the  separate  diagrams 
for  the  walls  placed  in  the  proper  relative  positions  to 
one  another.  The  composite  diagram  it  then  placed 
on  a  map  of  the  terrain  or  region  chosen  for  the  site, 
so  that  the  vulnerable  areas  will  actually  appear  as 
regions  on  the  map.  Vulnerability  to  other  forms  of 
attack  can  be  similarly  analysed.'4 

How  can  a  vulnerable-area  diagram  be  made  for  an 
arbitrary  gun,  projectile,  and  concreto  target?  One 
may  assume  that  the  range-velocity  relation  for  tbo 
gun  and  projectile  are  known  or  can  be  fo"nd.  The 
question  then  reduces  to  the  problem  of  making  a 
ballistic-limit  diagram  (of  which  Figures  11  and  18 
are  examples)  for  the  particular  projectile  and  target, 
because  from  this  a  vulnerable-area  diagram  can  be 
constructed,  using  in  addition  only  the  range-velocity 
relation. 

The  problem  of  predicting  ballistic  limits  for  any 
projectile  (even  assuming  it  to  be  inert  and  uondo- 
forming)  at  any  obliquity  and  against  a  given  con¬ 
crete  target  is  by  no  means  completely  solved.  Present 
procedures  are  based  on  the  following  ideas.  In  tho 
first  place,  predictions  aro  baaed  on  experimental  teat 
data  rather  than  on  theory.  Empirical  rules  found 
from  penetration  observations  permit  fairly  good  pre¬ 
dictions  of  massive  penetration  as  a  function  of  strik¬ 
ing  velocity  (at  least  for  normal  incidence)  in  terms 
of  concrete  properties,  and  projectile  mass,  caliber, 
aud  xioso  shape.  Experimental  data  on  sticking,  ob¬ 
lique  penetration,  and  ricochet  are  also  available,  but 
further  work  on  empirical  formulas  describing  these 
phenomena  is  needed.  Final’y,  it  turns  out  that  fairly 
good  linear  empirical  relations  can  bo  set  up  between 
massive  penetration  at  a  given  striking  velocity  and 
the  thickness  of  a  slab  of  tho  aamo  concrete  that  can 
be  (I)  scabbed  and  (2)  perforated.  Over  a  wide  rango, 
these  relations  seem  to  be  independent  of  concrete 
properties  and  even  hold  fairly  well  at  obliquities  up 
to  40  degree*. 

If  this  work  on  concrete  is  compared  with  tho  corre- 
spondiug  work  on  steels  and  amor  for  nondeforming 
projectile*,  the  most  striking  contrast  it  tho  emphasis 


on  penetration  in  both  the  experimental  and  theoreti¬ 
cal  work  on  concrete,  whe.  sae  the  work  on  steel  dealt 
almost  exclusively  with  perforation.  This  stems  from 
the  fact  that  massive  penetration  is  much  easier  to 
observe  and  interpret  with  concrete  than  with  steel 
Ponctrations  beyond  the  bourrelet  of  the  projectile 
and  up  to  10  calibers  are  easily  produced  st  ordinary 
velocities  in  concrete  (i.e-  below  8,000  fpe),  whereas 
with  plain  and  armor  steels  it  it  difficult  to  make 
systematic  massive  penetration  measurements  even  up 
to  2  calibers  without  projectile  shatter  or  deformation. 
For  such  depths  the  special  phenomena  near  the  fact 
of  the  target  and  those  caused  by  the  entry  of  the 
projectile  nose  into  the  target  probably  still  play  a 
major  role,  making  the  observations  more  difficult  to 
interpret. 

It  it  felt  that  the  theory  of  massive  penetration 
should  be  leas  complicated  than  the  theory  of  perfo¬ 
ration,  because  in  the  former  only  the  front-face  ef¬ 
fects  are  present,  while  in  the  latter  the  back-face 
effects  must  also  be  considered.  Furthermore,  if  pene¬ 
tration  is  being  studied,  almost  every  shot  gives  a 
point  on  the  graph;  with  perforation  a  number  of 
bracketing  'shots  are  needed  to  determine  one  perfora¬ 
tion  limit  It  is  very  difficult  to  produce  identical  con¬ 
crete  targets  at  different  timer  and  places,  much  more 
difficult  thou  in  the  esse  of  steels,  and  hence  it  is  very 
advantageous  to  base  the  terminal-ballistic  studies  on 
experimental  penetration  curves,  each  of  which  is  ob¬ 
tained  from  a  single  target,  rather  than  to  depend 
solely  on  the  relation  between  perforation  limits  as 
determined  for  different  targets.  It  is  felt  that  tha 
best  method  of  comparing  the  terminal-ballistic  prop¬ 
erties  of  concrete  targets  lies  in  comparing  the  respec¬ 
tive  penetration  curves  obtained  with  the  came  pro¬ 
jectile  rather  than  in  comparing  the  usual  engineering 
specifications  and  strength  teats.  It  is  felt  that  the 
perforation  limit  for  a  given  concrete  target  is,  for 
practical  purposes,  uniquely  determined  by  its  thick- 
ncju  and  its  massive  penetration  curve  aa  obtained 
with  the  some  projectile. 

Besides  this  connection  with  ballistic  limits,  the 
penetration  curvo  is  of  direct  practical  importance  in 
analyzing  tho  effect  of  explosive  missiles  and  the  effect 
of  repeated  fire. 

7JS  TUo  Dependence  of  Penetration  on 
Striking  Velocity 

A  great  deul  of  attention  has  been  devoted  to  the 
problem  of  finding  a  suitable  empirical  formula  to 
represent  the  observed  massive  penetration  in  con* 
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cnto  at  an  inert  nondefbrmhig  bomb  or  projectile  u 
a  function  of  striking  Telocity  at  normal  incidence.* 
This  ia  needed  not  only  for  smoothing  (since  indirid- 
nal  penetrations  exhibit  experimental  Mattering  from 
the  mean)  and  for  interpolation  (since  it  ia  practi¬ 
cally  impossible  to  obtain  «ny  specific  striking. Telocity 
by  adjusting  the  powder  load)  but  also  for  extra¬ 
polation,  for  example,  to  estimate  accurately  the  maa- 
■ive  penetration  that  would  be  obtained  in  tbe  con¬ 
crete  of  a  given  slab  for  the  atriking  velocity  at  which 
scabbing  and  perforation  are  actually  observed.  (See 
Section  7JUL) 

Lacking  an  adequate  theory  of  penetration,  it  ia 
believed  that,  of  the  empirical  relations  that  have  been 
proposed,  the  following  ia  the  moat  satisfactory  both 
for  simplicity  and  for  accuracy  of  representation.** 

O(s)  =  cV~*.  (5) 

where  0(0  =  a*/4  for  0  £  a  g  8.00  calibers  .  . 

=  *—1.00 for  a  i  8.00 calibers,  w 

and  a  9  nose  depth  at  tbe  end  of  penetration,  in 
calibers, 

V  —  striking  velocity  in  fps  divided  by  1,000, 
c  —  constant  for  a  given  target  and  projectile. 
This  formula  relates  a  and  V  for  normal  nondefora- 
ing  penetration  into  a  massive  concrete  target  For 
numerical  purposes  it  ia  convenient  to  express  V  in 
thousands  of  fpa  and  to  define  the  units  of  c  accord¬ 
ingly  so  that  0(a)  will  be  a  dimensionless  quantity. 

Table  1  gives  vslues  of  VL*#  for  V  up  to  3.0.  The 
values  given  correspond  to  striking  velocities  at  in¬ 
tervals  of  100  up  to  3,000  fpa.  This  table  will  greatly 
facilitate  the  application  of  equation  (5)  to  penetra¬ 
tion  data. 


Refinements  of  the  empirical  approximation  repre¬ 
sented  by  equation  (5),  particularly  for  values  of  aba- 
low  8.00  calibers,  could  undoubtedly  be  made,  but  the 
formula  suggested  has  tbe  advantages  that  it  ia  aunpla 
in  form,  that  it  takes  account  of  face  and  note  effects 
in  •  reasonable  way,  and  that  it  involve*  a  single 
parameter  e.  Tbe  latter  ia  very  important  because  it 
permits  direct  comparison  of  any  two  acts  of  penetra¬ 
tion  data,  regardless  of  tha  particular  striking  veloc¬ 
ities  used  in  obtaining  eaek 
For  tbe  analyaia  of  concrete  penetration  data  (nor¬ 
mal  incidence,  inert  and  nondeforming  projectile, 
massive  concrete  target),  graph  paper,  aa  ahovm  in 
Figure  15,  based  on  equations  (5)  and  (6),  may  be 
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Fiqum  IA  Graph  on  which  0(s)  ■»  cK1-*  represents 
straight  line  with  slope  «  through  origin  for  plotting 
normal  penetration  in  concrete  of  nonduforming  pro- 
jectilo  as  function  of  striking  velocity.  Typical  set  of 
field  data  Is  plotted  (37-nun  1.634b  AP  projectile,  data 
on  page  A -36  in  referenda  7).  Center  of  gravity  of 
plotted  points  la  marked  4-.  Far  dished  line  see 
Section  7.4.6. 


Tails  1.  Values  of  V1M  for  concrete  penetration 
formula,  equation  (6).* 


*  (fps) 

VI-** 

»(fpe) 

yua 

r(fp*) 

v»-« 

100 

0.016 

1,100 

1.187 

2,100 

3.802 

200 

0.066 

1,200 

1.388 

2,200 

4.134 

300 

0.116 

1,300 

1.604 

2,300 

4.478 

400 

0.103 

1,400 

1.832 

2.400 

4.836 

800 

0.287 

1,600 

3.076 

2,600 

6.203 

600 

0.390 

1,000 

3.330 

2,600 

6.684 

700 

0.626 

1,700 

3.690 

2,700 

5.677 

800 

0.009 

t,eoo 

3. SSI 

2.800 

6.381 

900 

0.827 

1.C00 

3.175 

2.CC0 

6.797 

1.000 

1.000 

3,000 

8.482 

3,000 

7.223 

**  -  ttriUaa  T*WVy  In  tps.  V- s/i000—  strildas  vslodly  la  thnmimls 
rffca. 


•  See  references  3,  3,  4,  6, 11, 16, 10, 18,  30, 23.  S ,  33,  34, 
30, 40, 44, 47, 60, 62. 


used.  The  ordinates  are  laid  off  at  distances  given  by 
the  function  G(s)  and  labeled  with  vslues  of  s,  the 
abscissas  are  similarly  laid  off  at  distances  propor¬ 
tional  to  V1**  and  labeled  with  the  corresponding 
values  of  v.  According  to  equation  (5),  the  observed 
points  of  any  particular  set  of  penetration  data  will 
be  on  or  rear  a  straight  line  through  the  origin;  the 
slope  of  this  straight  line  will  be  proportional  to  the 
parameter  c.  Graphical  determination  of  this  mean 
straight  line  offers  a  simple  procedure  for  smoothing, 
interpolating,  and  extrapolating  for  any  given  sot  of 
observed  penetration  data.  The  plot  not  only  displaya 
the  magnitude  of  the  random  experimental  errors  in¬ 
volved,  but  also  sliows  just  how  well  the  empirical 
equation  (5)  is  able  to  represent  the  mean  of  the  ob¬ 
servations.  When  a  sufficiently  large  number  of  ouch 
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plot*  have  been  mad*  they  should  be  renewed  to 
ee&rch.  for  systematic  deviation*  from  the  formula, 
equation  (5).  If  found,  these  may  in  turn  lead  to  im- 
proeementa  in  the  formula. 

For  numerical  evaluation*  of  the  parameter  c  re* 
faring  to  a  specific  projectile-target  combination,  it 
ia  suggested  that  the  following  formula  is  suitable 
both  for  simplicity  and  for  tire  relative  weighting  of 
data:** 

C  ~  *  v) 

This  gives  the  slope  of  a  straight  line  passing  through 
the  origin  and  through  the  center  of  gravity  of  the 
plotted  data  points  (marked  -j-  in  Figure  15).  It  alao 
takes  some  account  of  the  fact  that  absolute  experi¬ 
mental  errors  tend  to  increase  with  distance  from  the 
origin,  but  not  so  fast  as  the  coordinates  themselves. 

1X4  The  Dependence  of  Penetration  on 
Projectile  Maas,  Caliber,  and  Noae  Shape, 
and  on  Target  Properties 

The  method  just  outlined  gives  a  satisfactory  repre¬ 
sentation  of  the  relation  between  striking  velocity  and 
penetration  for  a  wide  range  of  data  regardless  of  tar¬ 
get  properties  and  projectile  moss,  caliber,  and  nose 
shape,  such  that  changes  in  these  only  affect  the  para¬ 
meter  c  in  equation  (5). 

Analysis  of  the  experimental  data  bearing  on  these 
effects’*  leads  to  the  following  empirical  penetration 
formula,  baaed  on  equation  (5) : 

0(a)  =  KNd*“DV'",  (8) 

where  K  —  penetrability  of  the  concrete, 

N  ~  aose-shape  factor  for  the  projectile, 
d  —  caliber  or  maximum  diameter  of  the  pro¬ 
jectile  (in.), 

D  —  to/d}  —  caliber  density  of  the  projectile 
(lb  per  cu  in.). 

The  caliber-density  factor  D  approximates  very 
well  the  effect  of  projcctilo  mass  on  penetration  as  far 
aa  present  data  go.  Additional  data  on  the  effect  of 
projectile  mass  aro  greatly  needed;  theso  should  be 
obtained  under  carefully  controlled  conditions,  keep¬ 
ing  the  other  factors  as  constant  oa  possible  while  only 
tho  projectilo  mm  is  varied  over  a  wido  range. 

The  t cola-effect  factor  dM*  represents  quantita¬ 
tively  the  important  effect  described  in  Section  7.2.1 
within  tho  accuracy  of  present  data,  in  which  D  and 


usually  have  different  values  for  the  calibers  to  be 
compared.  Additional  data  on  the  actio  effect,  with 
careful  controls  to  keep  K,  D,  and  N  constant  for  the 
different  calibers,  and  with  the  larger  calibers  going 
well  above  155  mm,  will  probably  be  required  in  order 
to  improve  thia  scale-effect  formulation.  Beyond  this, 
a  better  understanding  of  the  physical  causes  underly¬ 
ing  the  scale  effect  ia  needed. 

The  .50-caliber  data  on  the  effect  of  nose  shape  on 
penetration  are  analyzed  in  the  report  cited  above." 
This  analysis  results  in  the  recommendation  that  the 
nose-# hi pe  factor  N  be  estimated  from 

AT  =0.72  +  0-25  Vn^OM ,  (») 

when  n  ie  tho  radius  in  calibers  of  a  tangent-ogive 
projectile  nose.  The  dimensionless  quantity  n  ia  often 
called  caliber  raditu  head  [erh]  in  British  work;  it 
is  denoted  by  re  in  Figure  1  of  Chapter  6.  The  radical 
in  this  formula  is  the  nose  height  in  caliber*  for  the 
case  of  a  tangent  ogive.  If  the  actual  projectile  doea 
not  have  a  tangent-ogivo  nose,  this  formula  for  N  will 
probably  still  give  satisfactory  results  provided  n  in 
estimated  from  an  ideal  tangent  ogive  which  would 
most  closoly  approximate  to  the  actual  nose  shape. 

A  considerable  amount  of  small-caliber  data  ia 
available  for  evaluating  the  effect  of  concrete  proper¬ 
ties  on  the  penetrability  K.  Theso  data  have  not  aa 
yet  been  analyzed  by  the  method  of  Section  7.3.3, 
and  this  should  be  done.  Tho  method  of  anslyiit  used 
in  reporting  the  .50-calibor  data  of  tho  last  Princeton 
Concrete  Properties  Survey  evaluated  a  “penetration 
parameter*  for  each  concrete.  Examination  of  the 
ideas  behind  this  earlier  and  less  accurate  method  of 
analysis  shows  that  tho  penetration  parameter  there 
used  is,  iu  general,  proportional  to  the  penetrability 
K  as  defined  here.  Hence  the  curves  given  in  tho  re¬ 
port  cited  may  be  interpreted  as  showing  how  K  varies 
with  various  concrete  properties,  although  the  numer¬ 
ical  value  of  K  will  be  difforent  from  that  given  for 
the  old  penetration  parameter.  More  accurate  value* 
of  K  for  each  of  tho  concretes  should  be  calculated 
by  tho  center  of  gravity  method  of  equation  (7), which 
with  equation  (8)  leads  to: 

TjO 

The  caliber  density  D  in  lb  per  cu  in.  has  been  put 
inside  the  summation  in  the  denominator  to  tak* 
account  of  variations  in  projectile  mss’.  Values  of 
K  in  tho  interval  from  2.0  to  5.0  have  bean  found 
from  typical  sets  of  data." 
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Analysis  of  Perforation  and 
Scabbing  Data 

A*  mentioned  near  the  end  of  8eetion  7.2J,  the 
analytii  of  experimental  observations  on  perforation 
haa  been  baaed  on  the  massive  penetration  enne  ob¬ 
tained  with.  the  aame  concrete  and  projectile  at  lower 
striking  velocities.  Using  the  penetration  observation^ 
one  can  estimate,  bj  extrapolation,  tha  hypothetical 
note  penetration  s,  in  caliber*  that  would  be  obtained 
in  a  massive  target  of  tha  aama  properties  at  the  ob¬ 
served  perforation  Emit  velocity  r4.  The  actual  thick- 
neat  of  tha  target  perforated  at  this  limit  velocity  la 
denoted  by  a  and  ita  thidmcaa  in  caliber*  by  s/d. 

Perforation  tests  were  made  with  .50-caliber  model- 
acale  projectiles  on  133  concrete  slabs11  ranging  is 
thickneaa  from  3  to  18  caliber*  in  compressive  strength 
from  1,500  to  7,000  pal,  end  in  maximum  aggregate 
size  from  Va  to  2  calibers.  A  large  variety  of  reinforc¬ 
ing  ache  mas  was  also  investigated.  It  wu  found  that 
within  practical  limita  e/d  it  a  linear  function  of  s* 
and  that  this  function  is  the  seme  within  about  10 
per  cent  regardless  of  the  target  variations  tested.  The 
mean  relationship, 

4  *  1J*3  +  1.07s„  (11) 

wu  found  for  perforation^. 

The  scab  limii  velocity  «*,  vu  also  determined  for 
each  slab  and  the  mature  penetration  a«  corresponding 
to  this  striking  velocity  wu  estimated.  As  for  perfora¬ 
tion,  linear  relations  were  found  between  the  scab- 
limit  thickness  t/d  in  calibers  and  the  mean  rela- 
tiQjuhip  being 

4  -  3.28  -f  1.13*,.  (13) 

<1 

Tha  values  of  a,  and  t.  used  in  obtaining  these 
linear  relationship*  were  estimated  by  a  method  which 
is  probably  less  accurate  than  that  described  in  Sec¬ 
tion  7.8.8.  Using  still  older  and  probably  even  leas 
accurate  methods  of  estimating  s4  and  s„  the  rela¬ 
tions** 

4  “  1-33  -f  1.24 1, 

,  (13) 

J  =  3.13  + 1.33  *„ 

had  previously  keen  obtained  for  37-mm,  75-mm, 
3-in.,  and  1.55-mm  data.*  It  is  not  known  whether  the 
apparent  differences  between  these  relations  and  those 
determined  at  tha  .60-caliber  scale  are  real  or  whether 
they  are  due  to  difference*  in  the  methods  used  is 


estimating  *t  »"d  Tha  question  should  be  ruolvei  . 
by  basing  tha  required  extrapolations  of  the  massive 
penetration  data  on  the  method  described  In  Section 
7.8.3  and  recomputing  both  tha  small-  and  large-acala 
data. 

At  the  beginning  of  World  War  II  the  concept  of 
a  proof  factor  wu  need  for  perforation  ana  scabbing 
questions.  It  wu  felt  that  tha  ratio  of  the  limit  thick¬ 
ness  for  perforation  to  the  massive  penetration  depth 
at  any  striking  velocity  would  be  practically  constant, 
that  is,  about  3/3  or  4/8.  The  results  described  tend 
to  eliminate  the  concept  of  proof  factor*  and  to  replace 
them  by  the  idea  that  tha  difference  (instead  of  the 
ratio)  between  perforation-limit  thlckneu  and  massive 
penetration  at  ihe  same  velocity  it  more  nearly  a 
constant  in  the  case  of  concrete  target*.  Analogous 
statements  f*n  be  made  for  scabbing.  The  constant 
difference  hypothesis  would  holl  exactly  if  the  co¬ 
efficient*  of  >i  and  a,  in  the  lut  terms  of  equations 
(11)  and  (IS)  were  unity,  in  which  case  the  perfora¬ 
tion  difference  or  defect  would  be  about  caliber* 
•nd  tha  scabbing  dafact  about  214  calibers.  It  ia  pos¬ 
sible  that  the  suggested  re-evaluation  of  the  data  us¬ 
ing  the  methods  of  Bectlon  7.3.3  would  lead  to  aoma 
such  formulation,  but  until  then  the  perforation  and 
scabbing  defects  mentioned  can  only  be  thought  of 
u  rough  approximations  for  thin  alaba. 

It  should  also  be  pointed  out  that  the  linear  ap¬ 
proximations,  equations  (11)  and  (18),  cannot  hold 
tor  very  thin  alaba  leu  than  about  2  or  3  calibera  in 
thickness.  The  actual  reb  !'■  os  must  be  curved  so  as 
to  pass  through  the  origin,  that  is,  so  that  e/d  goes 
to  sero  with  *,  and  so  that  i/d  goes  to  tero  with  s(. 
It  is  likely  that  a  composite  function  Gi(a/d)  of  the 
type  given  in  equation  (6)  for  G(s)  will  be  found 
to  be  proportional  to  *,  and  another  similar  composite 
function  <7, (s/d )  will  be  proportional  to  t,  To  tha 
extant  that  the  thicknea*  defect  hypotheses  discussed 
in  ths  previous  paragraph  holds,  the  word  propor¬ 
tional  should  be  replaced  by  equal. 

According,  io  this  reasoning,  it  will  be  seen  that 
the  combination  of  the  penetration  equation  (5)  with 
the  relations  at  present  represented  by  equations  (11) 
and  (12)  leads  to  equations  of  the  form 


conuecting  tho  limit  thicknesses  *  and  «  with  corre¬ 
sponding  limit  velocities  Fj  and  F».  The  evaluation 
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of  the  functions  0  and  tb.  constants  e  and  •  and 
their  relation  to  the  corresponding  quantities  in  equa¬ 
tion  (5)  depends  oa  further  data  and  analysis  along 
tbs  line*  indicated  above. 

***  Tiro  Dependence  of  Penetration, 
Bkochet*  Scabbing,  and  Perforation 
on  Obliquity 

The  data  uuiyiei  discussed  in  the  last  three  hs> 
tions  deal  exclusively  with  the  phenomena  at  normal 
incidence.  Much  lest  is  known  about  the  affect  of  ob¬ 
liquity  on  penetration*  scabbing,  perforation,  and  the 
occurrence  of  ricochet.  In  combat,  however,  tome  de* 
gree  of  obliquity  it  elraoat  always  present  and  it  is 
very  important  not  to  ignore  itc  effects  Tbs  general 
character  of  some  of  theso  effects  vss  described  in 
Sections  7.3.1  and  7.3.3,  and  illustrated,  particularly, 
in  Figures  11, 18, 18,  and  14. 

With  oblique  penetration  the  principal  quantity  of 
practical  interest  ia  the  component  of  penetration  per¬ 
pendicular  to  the  targot  face  i,  measured  In  calibers. 
For  theoretical  analyses  other  facts,  such  as  slant 
depth  and  the  curvature  of  the  projectile  path  in  tha 
target,  ere  also  of  interest  ond  have  often  been  re¬ 
corded  in  data  tabulation*. 

For  a  given  projectile  end  target  the  perpendicular 
component  of  penetration  <,  is  a  function  of  two  vari¬ 
ables,  namely,  the  striking  velocity  end  tha  obliquity. 
This  alone  makes  the  analysis  of  oblique  penetration 
much  more  difficult  than  in  the  case  of  normal  pene¬ 
tration  which  depends  on  only  oue  variable,  the  atrik- 
ing  velocity.  In  addition,  much  less  experimental  work 
has  been  done,  and  the  experimental  scattering  is 
greater  for  oblique  fire  than  for  normal  Are,  probably 
due  to  the  fact  that  the  turning  forces,  causing  the 
projectile  path  to  curve  away  from  the  direction  of 
incidence,  oro  more  erratic  in  their  offset  on  s*  than 
tha  force  variations  which  produco  experimental  er¬ 
ror*  in  normal  penetration.  For  these  reason*  no  gen¬ 
erally  applicable  empirical  formula  baa  yat  been  found 
to  expreaa  s,  as  a  function  of  striking  velocity  and 
obliquity. 

The  atudiea  that  have  been  made  so  far  Indicate 
that  the  ratio  tjt,  whero  s  is  the  penetration  at  nor¬ 
mal  incidence  at  the  tame  velocity,  is  leu  than  cos  6 
but  approache*  cos  #  as  tho  itriiing  velocity  ia  in¬ 
creased.  This  i»  plausible  on  tbe  assumptions  that  the 
resisting  forces  are  roughly  independent  of  depth  and 
that  tho  asymmetric  force*  deflecting  the  projectile 
from  the  direction  of  incidence  act  mainly  near  the 


surface  of  the  target  As  the  striking  velocity  ia  in¬ 
creased,  the  time  that  these  turning  foruao'ect  on  the 
projectile  ia  decreased  and  thus  its  deviation  Crons  tie 
original  dinctinn  is  decrease! 

A  rough  idea  of  the  decrease  in  penetration  of  or¬ 
dinary  AP  projectiles  caused  by  obliquity  for  striking 
velocities  from  1,000  to  8,000  fpe  can  ha  gained  from 
the  fallowing  tahnhUoa  baaed  on  a  partial  analysis’* 
af  the  data: 


#  0*  ft*  10*  14*  *0*  8«*  30*  M* 

~  LOO  0.96  0.88  0.88  0.76  0.67  0.68  0.4Y 

Tha  values  of  tjt  for  any  particular  obliquity  4  tend 
to  decrease  for  smaller  striking  velocities  end  to  in¬ 
crease  toward  ooa  #  a*  an  upper  bound  for  higher 
striking  velocities. 

Even  though  they  are  probably  the  beat  available, 
there  is  some  hesitation  in  giving  these  values  because 
they  seem  to  imply  a  greater  accuracy  than  is  at  proa 
ent  justified.  One  reason  for  the  large  scatter  of  the 
experimental  points  probably  lies  in  the  lesa  accurate 
methods  of  estimating  s,  the  penetration  at  normal 
incidence  for  the  striking  velocity  at  which  a,  was  ob- 
terved.  Now  that  tha  method  of  Section  7.8.3  ia  avail¬ 
able,  a  thorough  ‘review  of  ell  good  obliquity  data 
should  be  undertaken. 

The  following  pointa  are  suggested  for  auch  e  re¬ 
view.  At  first  only  data  obtained  with  AP  projectiles 
of  conventional  ,  shape  and  mass,  for  which  oenetre- 
tiona  at  normal  incidence  on  the  isms  face  of  the  seme 
target  were  also  recorded,  should  be  analysed.  The 
date  sliould  be  grouped  by  calibers.  From  the  normal 
incidence  penetrations,  tire  s  corresponding  to  the 
striking  velocity  for  each  s,  should  be  estimated,  us¬ 
ing  tha  method  of  Section  7.8.3.  For  some  calibers, 
data  on  concretes  of  widely  different  strengths  ere 
available ;  it  ia  probable  that  tha  effects  of  obliquity 
can  be  better  represented  *»  functions  of  s  rather  than 
striking  velocity.  Hence,  it  ia  suggested  that  the  analy¬ 
sis  be  made  in  terms  of  the  function 


/<M) 


SCO##  * 


(16) 


This  function  can  bs  evslusted  for  each  data  point 
The  attempt  to  find  an  empirical  formulation  should 
be  guided  by  the  fact  that  /(s,#)  —  1.000, by  definition, 
and  by  the  expectations  that  /(*,#)  <  1.000  for  # 
>  0°  and  /(*,#)  -a- 1.000  for  *-*■».  It  may  be  hoped 
that  /(*,#)  will  be  found  to  be  sufficiently  independ¬ 
ent  of  the  strength  or  penetrability  of  the  concrete  to 
permit  an  empirical  formation  (or  graphs  or  tables) 
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in  tern*  of  f(t,9)  for  all  concrete*,  where**  a  unified 
formulation  in  term*  of  a  function  of  striking  Telocity 
and#  does  not  seem,  a  priori,  ao  promicing. 

In  conducting  obliquity  teat*  it  i*  possible  to  choose 
9  quite  accurately  while  the  striking  velocity  for  each 
shot  cannot  be  controlled  so  accurately.  For  the  analy¬ 
sis  of  results  it  ia  a  great  advantage  to  conduct  all 
obliquity  testa  at  one  or  more  fixed  angles.  Obliquities 
of  11°,  20°,  28°,  and  35°  have  been  so  used  in  37-mm, 
76-mm,  8-in.,  and  155-ram  scale  tests'  to  get  a  good 
distribution  of  coo  6  values;  at  the  .58-caliber  scale 
multiples  of  10°  were  used.1* 

The  effect  of  nose  shape  and  projectile  length  win 
undoubtedly  be  noticeable,  particularly  at  low  veloci¬ 
ties  and  high  angles.  The  analysis  for  such  effects 
should  be  based  on  the  results  of  the  obliquity  analysis 
for  projectiles  of  conventional  form  and  mass  as  out¬ 
lined  above. 

Some  quantitative  idea  of  the  angles  and  velocities 
at  which  ricochet  begins  may  be  gained  from  Figures 
11  and  13  (which  refer  to  a  37-ram  projectile  of  con¬ 
ventional  type)  and  from  Data  Sheet  2A5  of  Chapter 
19.  Ricochet  limits  will  undoubtedly  be  found  to  be 
sensitive  to  projectile  nose  shape  and  length,  as  wc’l 
as  to  concrete  strength. 

The  relations  (11)  and  (12)  for  perforation-  and 
acabbing-limit  thicknesses  bold  also  for  oblique  im¬ 
pact  up  to  40°  according  to  extensive  .60-caliber 
testa/'  provided  the  estimated  s,  and  t,  values  are 
replaced  by  the  corresponding  values  of  s,  for  the  ob¬ 
liquity  and  limit  velocities  in  question.  The  graphs  in 
the  report  cited  suggest  certain  systematic  deviations 
from  the  relations  (11)  and  (12)  with  obliquity,  but 
theso  are  within  the  accuracy  claimed  for  the  relations 
up  to  about  40°. 

Thus  the  prediction  of  oblique  scabbing  and  per¬ 
foration  ia  baaed  on  the  estimation  of  oblique  penetra¬ 
tion  in  quite  the  same  way  as  In  the  cate  of  normal 
incidence.  Improvements  in  the  analysis  may  be 
sought  by  first  improving  the  accuracy  of  prediction 
for  oblique  penetration  along  the  lines  suggested 
above,  baaed  on  better  evaluations  of  the  function 
/(s,9).  This  in  turn,  ehould  lead  to  a  better  analysis 
of  oblique  perforation  and  acabbing  data. 

1X7  Nomograms  for  Estimating  Penetration, 
Scabbing,  and  Perforation  of 
Concrete  Target* 

Dat*  Sheets  2A1,  2B1,  and  2C1  of  Chapter  19  deal 
with  penetration,  scabbing,  and  perforation,  respec¬ 
tively,  of  reinforced  concrete  by  AP  projectile*  and 


AP  sad  SAP  bomba.  Theat  nomograms  war*  devised 
in  1948**  according  to  the  best  methods  of  data  analy¬ 
sis  then  available.  The  left  halves  of  the  three  dia¬ 
grams,  including  the  striking  velocity  scale,  are  iden¬ 
tical,  and  are  based  on  an  empirical  formula  accord¬ 
ing  to  which  the  nose-corrected  penetration  in  calibers 
ia  (approximately)  proportional  to  the  caliber  density, 
to  the  three-halves  power  of  the  striking  velocity,  to 
a  graphical  scale  effect  function  (given  in  Figure  18 
of  the  report  cited),  and  inversely  proportional  to  tha 
square  root  of  the  compressive  strength  of  the  con¬ 
crete.  The  "ladder*  transfer  from  B  to  C  scales  ia 
Data  Sheet  2A1  takes  account  of  the  Vh-caliber  nose 
correction  used  in  the  diagram  up  to  this  point  In 
Data  Sheets  2B1  and  2C1  tha  corresponding  ladder 
scale  embodies  the  relations  (13)  which  were  used  for 
scabbing  and  perforation. 

No  final  revision  of  those  data  sheets  was  ever  made, 
but  it  ia  felt  that  a  considerable  improvement  would 
result  from  the  material  discussed  in  previous  sections. 

™  THEORY  OF  CONCRETE  PENETRATION 

The  motion  of  a  projectile  is  at  all  timet  governed 
by  the  laws  of  dynamics.  This  fact  is  known  with 
greater  precision  than  any  of  the  apociilo  observations 
and  measurements  which  have  so  far  been  discussed 
in  this  chapter.  The  experimental  conclusions  and  em¬ 
pirical  formulas  given  in  previous  sections  have,  how¬ 
ever,  not  made  use  of  Newton's  laws  of  motion. 

The  aim  of  a  theory  of  penetration  is  to  go  beyond 
empirical  formulas  and  to  establish  a  quantitative  con¬ 
nection  between  th<.  forces  acting  on  the  projectile 
during  penetration  and  the  observed  behavior.  The 
nature  of  these  forces  is  not  well  understood  for  any 
target  material.  In  many  respects  the  theory  is  at  least 
as  well  developed  tor  concreto  as  it  is  for  steel  or  other 
materials. 

Tho  phenomena  of  projectile  penetration  involve 
not  only  very  high  stresses,  producing  strains  far  be¬ 
yond  tho  elastic  limit,  but  these  occur  under  impact 
conditions  at  very  high  velocities.  During  tho  penetra¬ 
tion  cycle  the  velocity  decreases  very  rapidly  to  zero. 
Relatively  little  progress  has  been  made  toward  direct 
experimental  observation  of  the  dynamic  phenomena 
during  the  penetration  cycle. 

While  the  ensuing  discussion  explicitly  refers  to 
concrete  as  tho  target  materiel,  the  general  point  of 
view  u  well  as  many  of  the  details  tray,  with  appro¬ 
priate  modification,  be  applied  to  the  theory  for  steel 
and  other  materials. 
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111  The  Need  far  a  Theory  of  Penetration. 

The  importance  of  an  analytical  itody  of  nch  phe¬ 
nomena,  aa  an  extreme  cue  of  the  strength  and  fail* 
on  of  engineering  notarial*,  JxpM  not  ha  under- 
rated.  Soma  of  the  nji  in  vtieh  an  adequate  theory 
of  penetration  ia  of  practical  unportanoa  for  the  prob- 
Ians  of  terminal  boQiatici  are  the  following. 

A.  theory  of  penetration  ia  needed  to  establish  found 
correlation*,  that  ia  to  deepen  and  extend  the  analjaia 
of  experimental  data  beyond  the  method*  described  ia 
Section  7.3.1a  a  fundamental  Knee,  a  proper  attention 
to  the  theory  of  penetration  ia  needed  in  planning  end 
conducting  all  experimental  work,  leat  the  work  do* 
voire  into  a  aerie*  of  isolated  ad  hoc  teats  aimed  at 
answering  specialized  question!  end  thus  obtaining 
results  which  can  never  he  correlated.  Sufficient  data 
on  actual  projectile  masses,  diameter*,  and  shapes,  cn 
striking  velocities,  on  actual  penetrations  and  target 
properties,  eta,  should  always  bo  recorded  to  furnish 
the  bans  for  »nmlnin^  the  interrelations  dif¬ 
ferent  teats  and  for  theoretical  analysis.'*"*1* 

A  theory  of  penetration  is  needed  to  give  informa¬ 
tion  about  the  resisting  force*  which  cause  projectile 
and  bomb  deformation;  on  this  a  more  rational  design 
against  deformation  could  be  based.  At  present  there 
exists  only  very  meager  knowledge  of  the  conditions 
of  striking  velocity,  obliquity,  and  target  thick¬ 
ness  under  which  present  bombs  and  HB  projectiles 
will  fail,  nor  is  it  known  how  to  apply  information 
gained  by  actual  test  with  one  missile  to  other  service 
missiles.  The  "practical”  expedient  of  (eating  all  missiles 
against  targets  of  all  thicknesaea  ia  impractical.  This 
is  perhaps  a  typical  example  of  how  the  lack  of  theory 
costa  time  and  money  in  multiplying  the  teats  needed 
and,  even  then,  fails  to  provide  generally  applicable 
information. 

A  theory  of  penetration  it  needed  to  provide  infor¬ 
mation  concerning  the  setback  forces  available  for 
fuze  initiation  (especially  with  thin  alaba)  and  the 
time  thereafter  to  maximum  penetration  or  to  perfora¬ 
tion,  in  order  to  secure  the  maximum  effect  from  the 
detonation  of  a  given  missile  (ice  Section  7.2.6),  The 
lateral  and  turning  forces  encountered  in  oblique  im¬ 
pact  need  also  to  be  better  understood,  both  aa  causes 
of  fuse  failures  and  as  causes  of  missile  deformation. 

A  theory  of  penetration  is  needed  for  predicting  the 
remaining  velocity  of  a  projectile  after  penetrating  a 
given  thickness  of  a  target  material  for  designing  com¬ 
posite  targets,  a*  discussed  in  the  last  paragraph  of 
faction  7.2.4.  Similarly  a  theory  of  perforation  ia 


needed  to  giro  information  on  the  residue!  velocity 
efter  perforation,  for  example,  in  order  to  estimate  tho 
distance  covered  before  detonation  of  a  time-foxed 

missile 

A  better  understanding  of  the  way  in  which  the  re¬ 
sisting  forces  vary  with  depth  in  the  target,  with  pro¬ 
jectile  shape,  and  with  velocity  is  needed  for  the  analy¬ 
sis  of  oblique  penetration  and  perforation  data.  (Bee 
Section  74.6.) 

1AM  The  Equation  of  Motion 

The  fundamental  problem  of  terminal  ballistics  ia 
to  account  for  the  observed  penetration  at  normal  in-  . 
cidence  and  zero  yaw  of  a  nondeformable  projectile 
into  a  uniform  massive  target  Under  these  idealized 
conditions  the  projectile  penetrates  in  a  straight  line 
coincident  with  the  direction  of  incidence  and  the  reo- 
ti  linear  motion  is  govsrned  by  a  single  differential 
equation  axprossing  Newton’s  second  law  of 
namely, 

w  d*x  w  vdt 

f  d?  “  g  dx  “  {ot<*  *ctin«  oa  projectile.  (1«) 

The  first  expression  on  the  left  is  the  usual  product  of 
mast  times  acceleration;  the  second  form,  which  ia  the 
rate  of  increase  of  the  lrinetio  energy  with  diatanoe, 
ia  often  more  useful  for  penetration  problems.  The 
force  acting  on  the  projectile  during  penetration  ia, 
of  course,  negative  when  r.  is  measured  in  the  direc¬ 
tion  of  motion. 

With  yaw  or  oblique  incidence  lateral  forces  tend  to 
deflect  and  turn  the  projectile.  While  equation  (16) 
still  governs  the  forward  component  of  motion  of  the 
center  of  gravity,  additional  equations  based  on  the 
second  law  of  motion  must  be  written  for  the  lateral 
.motion  and  for  the  rotation  of  the  projectile  about  a 
transverse  axis.  In  addition,  the  force  functions  to  bo 
used  with  the  several  equations  are,  in  general,  de¬ 
pendent  on  the  components  of  position  and  velocity 
involved  in  all  of  the  equations.  This  problem  ia  vastly 
more  complicated  than  the  fundamental  simple  case 
for  which  equation  (16)  was  written.  Attention  will 
be  restricted  for  the  present  to  the  simple  problem 
specified  at  the  outset. 

TA*  Scale  Relations 

In  order  to  compare  the  relations  at  varicus  scales 
or  calibers  in  a  simple  wty,  it  is  advantageous  to 
eliminate  w  and  x  by  introducing  the  caliber  density 
D  and  the  cal' bar  penetration  i,  as  hac  been  done  in 
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many  of  the  discussions  of  Section  7J8  end  7JL  2que- 
tioa  (16)  can  then  be  written  in  the  form , 


(17) 


where  P  it  the  resisting  pressure  in  pd  and  g  is  the 
acceleration  due  to  grant/  or  32.174  ft/aec*. 

In  the  absence  of  a  scale  effect,  the  force  function 
R  will  be  independent  of  caliber.  When  a  scale  effect 
exists,  os  in  the  case  of  concrete  (and  probably  to  a 
lessor  extent  with  steel),  R  will  depend  on  the  caliber 
<L  This,  however,  will  not  affect  the  integrability  of 
the  equation  of  motion  (16)  because,  for  a  nonde¬ 
forming  projectile,  d  is  constant  during  the  motion 
represented  by  the  equation. 


7.14  The  Law  of  Force 

A  mean  value  of  the  force  resisting  a  projectile  dur¬ 
ing  penetration  can  easily  be  found  by  dividing  the 
striking  kinetic  energy  by  the  observed  depth  of  pene¬ 
tration,  For  concrete  targets  this  mean  force  divided 
by  the  cross-sectional  area  of  the  projectile  may  be 
from  30,000  to  100,000  pai.  This  calculation  corre¬ 
sponds  to  the  assumption  that  R  iu  constant  in  equation 
(16),  but  if  it  is  made  for  different  depths  of  penetra¬ 
tion  (same  projectile  and  taiget)  the  mean  pressure 
values  are  found  to  increase  with  depth,  that  is,  pene¬ 
tration  increases  lesa  rapidly  than  the  striking  kinetic 
energy.  If  the  resisting  force  were  constant  during 
each  penetration,  then  R  would  have  to  assume  differ¬ 
ent  but  constant  values  for  different  striking  velocities. 
This  does  not  seem  likely  from  a  physical  point  of  view 
and,  hence,  it  is  concluded  that  R  ia  not  constant,  but 
varies  during  the  penetration  cycle.  The  crux  of  the 
penetration  problem  lies  in  finding  out  how  the  force 
varies  during  penetration,  and  iu  elucidating  tbe  phy¬ 
sical  phenomena  involved. 

It  ia  common  to  assume  that  R  depends  on  the  in¬ 
stantaneous  velocity,  or  on  the  depth  in  the  target,  or 
ou  both,  that  is 

R  =  B(*,v).  (18) 

The  scale  effect  dependence  on  d  need  not  be  expressly 
shown  here  because  d  does  not  vary  during  penetra¬ 
tion. 

A  possible  dependence  of  R  on  other  variables  dur- 
ing  tho  motion  cannot  be  excluded  on  a  priori  theoreti¬ 
cal  grounds.  The  resistance  arises  from  an  interaction 
between  the  moving  projectile  and  ihe  material  of  the 
ts'get  which  must  be  displaced.  A  pattern  of  motion 
or  flow  muat  be  set  up  in  tho  plastically  disturbed  or 


crashed  region  of  the  target,  while  elastic  effects  are 
propagated  with  finite  Telocity  bevond  the  distothei 
region.  In  general,  the  inatartnneon*  motion  of  in¬ 
dividual  target  particles  in  the  flow  region  will  neither 
be  exactly  parallel  or  perpendicular  (radial)  to  the 
motion  of  tbe  projectile,  although  both  assumptions 
have  been  made  in  simplified  armor-perforation  theo¬ 
ries.  As  the  projectile  advances  into  the  disturbed  re¬ 
gion  the  direction  end  rate  of  motion  of  each  particle 
changes  continuously  and  others  are  set  into  motion* 
st  depths  beyond  that  reached  by  the  nose  of  the  pro¬ 
jectile.  In  this  process  some  of  the  energy  and  mo¬ 
mentum  transferred  from  the  projectile  to  target  ma¬ 
terial  at  earlier  stages  in  the  penetration  cycle  will 
serve  to  reduce  both  the  crushing  and  inertial  resis¬ 
tance  of  the  target  at  later  stages.  At  each  stage  the 
disturbed  region  extends  laterally  and  well  ahead  of 
the  actual  penetration  hole. 

Thus,  the  resistance  R  may  well  depend  on  the  de¬ 
celeration  dv/dt  and  on  the  "previous  history'  of  the 
motion,  as  well  as  on  t  and  v  directly.  The  penetration 
cycle  may  involve  a  transient  stage  at  the  beginning, 
during  which  the  disturbance  or  fiow  pattern  in  the 
target  material  is  set  up,  and  a  subsequent  quasi- 
stcady-stato  stage,  during  which  the  projectile-target 
interaction  depends  in  some  continuous  way  on  the 
relative  motions  of  the  projcctilo  and  the  target  mate¬ 
rial  in  its  neighborhood.  It  is  even  possible  that  some 
motion  of  the  target  materia)  continues  for  a  brief 
time  after  tho  forward  motion  of  the  projectile  has 
ceased.  It  is  not  clear  how  theso  considerations  may 
be  put  into  mathematical  form  and  no  definite  sug¬ 
gestion  involving  other  variables  than  those  in  equa¬ 
tion  (18)  has  as  yet  been  formulated,  let  alone  inte¬ 
grated  and  compared  with  experiment. 

The  nature  of  the  physical  phenomena  causing  the 
scale  effect  sro  also  not  understood.  Among  the  sug¬ 
gestions  that  have  been  made  are  the  following.  (1) 
If  tire  target  is  not  homogeneous,  but  actually  varies 
in  penetration  resistance  with  depth,  R  will  depend  on 
tho  absolute  depth  x  rather  than  on  the  caliber  depth 
s  as  assumed  in  equation  (18).  (2)  R  may  depend  on 
the  ratio  of  caliber  to  some  characteristic  length  as¬ 
sociated  with  the  granular  structure  of  the  target,  for 
example,  the  mean  aggregats  sizo  in  concrete  or  the 
grain  size  in  steel.  (3)  The  Dow  pattern  of  displaced 
target  material  and,  hence,  the  resisting  force,  rasy  be 
a  function  of  the  projectile  velocity  measured  in  cali¬ 
bers  per  sec,  that  is,  v/d.  Thus  a  functional  relation 
may  exist  between  the  resisting  prersuro  r  ad  the  rate, 
in  calibers  por  see,  at  which  the  plastically  deformed 
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or  crashed  region  advances  into  the  previously  and  is*  tot  ap  in  Section  7.3.4.  Thus,  within  the  appro  xim*- 
tnrbed  target  tions  involved,  the  connection  A  in  Figure  18  is  eatsh* 

7-4*  •fly,  Relation  between  Theory 

and  Experiment  T,u  A  Theory  of  Penetration 

The  interrelation  of  theory  end  experiment  in  the  ^or  Concrete 

concrete  penetration  problem  ia  achematically  shown  The  following  theory  of  concrete  penetration**  is 
fas  Figure  16*  The  first  three  of  the  four  boxes  in  offered  ss  a  good  approximation  for  the  experimental 
the  Experiment  column  have  been  covered  in  previous  data  now  available.  It  it  the  best  that  can  be  noom* 
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Fiourt  16.  Interrelation  of  theory  and  experiment  in  penetration  problem.  Separation  between  ooturana  it  almost 
complete  in  our  proscat  knowledge.  Lines  A,  B,  and  C  emphasise  connection!  which  should  bo  erunined  In  order  to 
make  progress  toward  more  unihod  structure. 


sections,  particularly  Section  7.4.  Tho  Theory  column 
begins  with  postulating  a  law  of  resisting  force  which, 
when  insorted  in  the  relation  F  =  mo  and  integrated, 
leads  to  a  rational  penetration  formula.  This  theoreti¬ 
cs)  formula  is  to  bo  compared  with  experiment  as  in¬ 
dicated  by  the  line  marked  A.  The  last  box  in  each 
column  indicates  the  direction  in  which  fundamental 
progress  should  be  sought,  and  the  lines  B  and  C  show 
the  cross  connections  which  should  then  bo  examined. 

In  the  next  section  a  law  of  resisting  force,  based  on 
five  assumptions  is  suggested  for  concrete.  The  equa¬ 
tion  of  motion  can  be  integrated  anolytically  and  the 
resulting  penetration  formula  agrees  satisfactorily 
with  tho  empirical  formula,  equation  (8),  which  was 


mended  in  the  present  state  of  knowledge  on  tho  sub¬ 
ject 

The  theory  of  penetration  for  a  nondeforming  pro¬ 
jectile  of  conventional  form  penetrating  a  massive 
concrete  target  without  yaw  in  a  direction  normal  to 
the  target  face  (zero  obliquity)  can  be  based  on  the 
following  assumption*: 

1.  The  force  per  unit  area  resisting  the  forward 
motion  of  the  projectile  in  the  target  can  be  repre¬ 
sented  to  a  very  good  approximation  by  a  separable 
force  law1* 

R  -  cg{t)f(v),  (19) 

where  s  is  the  depth  of  nose  penetration  measured  in 
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calibers  tad  *  ia  the  remaining  velocity  at  each 
instant. 

t.  The  depth  dependence  of  if  can  he  approxi¬ 
mated  by 

#(s)  *  0  S  •  S  *.OOcaHbem, 

a  (EOt 

«*1.00  fbc  a  t  I.QOeaBben. 

This  assumption  is  an  attempt  to  taka  account  of  the 
entry  of  the  pointed  note  of  the  projectile  into  the 
target  and  the  effect  that  the  escape  of  target  mate* 
rial  during  crater  formation  may  hare  on  R. 

3.  The  Telocity  dependence  of  R  can  be  approxi¬ 
mated  by 

/(«>  =  v*-.  («> 

where  a  ia  a  constant.  Both  the  fractional  exponent 
needed  for  fitting  the  data  and  the  fact  that  /(e) 
then  goee  to  aero  with  v  ere  unsatisfactory  from  a 
physical  point  of  view.  These  defect*  are  associated 
with  the  basic  lack  of  knowledge  concerning  the  phyei* 
cal  cause*  of  the  Telocity  dependence  of  S,  discussed 
in  Section  7.4.4. 

4.  The  constant  c  is  inversely  proportion* i  to 

KNd>,  (22) 

where  K  is  the  penetrability  of  the  concrete,  N  ia  the 
nose-shape  factor  for  the  projectile,  d  ia  the  caliber 
and  fi  a  numerical  exponent.  The  form  of  the  assumed 
scale-effect  dependence  on  d  is  again  unsatisfactory, 
but  until  a  better  understanding  of  the  underlying 
physical  phenomena  is  attained  (see  end  of  Section 
7.4.4)  it  will  be  difficult  to  improve  this  formulation. 

0.  An  excellent  representation  of  concrete  penetra¬ 
tion  data  at  all  scales  is  obtained  by  assigning  the 
values 

a  =  1.80  and  p  =*  0.20.  (23) 

According  to  these  five  assumptions  ths  law  of 
force,  equation  (18),  becomes:  » 


(i  a  0  and  t  =*  •,)  to _ final  conditions  at  tha 

end  of  penetration  (a  r  and  •  **  0). 

With  a  hybrid  system  o*  'nits’*  that  is  convenient 
for  practical  numerical  computations,  and  making  the 
arbitrary  constant  on  the  right  side  of  equation  (24) 
equal  to  ( 1,000)  *-**/1.80,  the  resulting  penrirafwn 
/brands  h: 

Q(h)  -  nr<rmDYS~,  (25) 

where  G(s,)  **  J*g(t)d*, 

=»  a’/4  for  0  £  s,  5  2.00  caliber*, 

«a  s,  — 1.00  for  s,  ^  2.00  calibers, 

tx  a  final  maximum  nose  penetration  of 
the  projectile  in  calibers  (dimen¬ 
sionless), 

K  a  penetrability  of  the  concrete  (unit* 
are  such  u  to  make  C(*4)  dimen¬ 
sionless), 

N  =  nose  factor  for  the  projectile  (di¬ 
mensionless), 

d  ~  caliber  or  maximum  diameter  of 
the  projectile  (in.), 

D  *3  weight  of  projectile/d*, 

=  "caliber  density”  of  the  projectile 
in  lb  per  cu  in., 

V,  =*  VI  ,000  =3  striking  velocity  of  the 
projectile  in  thousands  of  fps. 

By  dropping  the  aubscripts  on  s  oud  V,  equation  (25) 
becomea  identical  with  the  empirical  formula,  equa¬ 
tion  (8),  obtained  from  analyzing  normal  penetration 
data  (without  using  the  equation  of  motion)  in  Seo- 
tion  7.3.4.  Thus  the  cor  rection  marked  A  in  Figure 
16  it  established. 

In  the  units  given  above,  the  resisting  force  per 
unit  maximum  cross-soctional  area  of  tho  projectile 
is,  from  equations  (17),  (24),  and  (25) 


X  constant. 


The  numerical  values  of  a  and  p  given  in  equation 
(23)  were  found  from  concrete  penetration  data  with¬ 
out  assuming  2  —  a  =  0.  The  fact  that  they  give  1 
force  law  in  which  the  volocity  dependence  end  the 
scale  dependence  can  bo  combined  in  ths  single  factor 
(v/d)*  may  be  significant  in  ccnnoction  with  the 
problem  of  the  cause  of  the  scale  effect  as  discuiaod 
at  the  end  of  Section  7.4.4. 

Tho  equation  of  motion  (17),  with  the  above  rela¬ 
tion  for  R,  can  be  integrated  by  separation  of  ths 
variables*'**  \rom  the  initial  conditions  at  impact 


_  263,820  /7\*-**  .  .  .  .... 

p=-mr(d)  *(‘>P8i*  <28> 

where  7  is  the  instantaneous  remaining  velocity  of 
the  projectile  in  thousands  of  fps,  and  d  is  in  in. 

Integrating  the  equation  of  motion  to  find  tho  re¬ 
lation  between  V  and  s  during  penetration  gives 

wSMi)“-L  <« 

It  can  bo  shown**  that  the  values  of  v  and  s  which 
satisfy  this  equation  for  given  values  of  t>„  and  s, 
will  lie  on  a  straight  lino  having  intercepts  (0,*)  and 
(v„0)  in  Figure  15  of  Section  7.3  For  the  sample 
sot  of  data  plotted  in  Figuro  15  the  maximum  nose 
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penetration  it  u  11.1  calibers  when  the  striking  veloc¬ 
ity  v,  is  3,000  fpe.  The  dashed  line  shows  the  relation 
between  t  and  v  daring  this  penetration  according  to 
equation  (37).  Thus  the  remaining  velocity  when  the 
noee  of  the  projectile  has  reached  a  depth  of  a  9  8.0 
calibers  is,  approximately,  •  *=  1,560  fpe.  This  method 
of  estimating  the  remaining  velocity  may  be  need  in 
the  analysis  of  composite  slab#  discussed  at  the  end  of 
Section  7  J.4. 

The  time  <r  in  msec  from  the  instant  of  impact  to 
any  depth  s  daring  penetration  may  be  computed 
from1* 


=  dimensionless  function  of  s  and  xu  (38) 


The  experimental  work1*  deals  with  an  experiment 
tal  method  of  measuring  velocity  aa  a  function  of 
time  daring  penetration  in  nonmagnetic  and  nonoon* 
ducting  media  like  concrete.  The  basic  ideas  involved 
in  this  method  are  as  follows: 

The  electromotive  force  induced  by  a  longitudinally 
magnetized  projectile  (considered  as  a  point  dipoW 
with  a  magnetic  moment  of  2i  electromagnetic  unite) 
moving  with  a  velocity  »  cm  per  sec  slong  the  axia 
of  an  idealised  circular  coil  of  N  turns  and  r  cm 
radius,  is 

a  9  kvf{x)  volts,  (30) 

where  *  9  volt-seq/cra,  (31) 

und/(*)  9 


where  *  is  the  nose  penetration  in  feet  (x  **  id/ 18).  =  dimenaionleaa  poaition  function,  (33) 

The  total  time  of  penetration,  a,  msec,  can  be  deter-  ^  ^  ^  ^  in8tantaneoua  poaltionof  the  dipolo  on 
mined  from  ^jj  measured  in  coil  radii  from  the  center 

k  a  7°*'  =»  1_  fH  _ — _ -  of  the  coiL  The  position  function  /(x)  ie  plotted  in 

A  x,  s,  J  r  ^ Q(«)  **|U1-**  Figure  17.  In  the  absence  of  a  resistant  target,  v  is 

L  ®(*»)  J  sensibly  constant  and  x  is  proportional  to  the  time  i 

—  dimensionless  function  of  s.  only,  (29)  measured  from  the  instant  t  —  O.when  the  dipole  is 


where  x,  is  the  maximum  noee  penetration  in  ft 
(x,  =  r,d/12).  Tho  right  aides  of  these  equations  are 
universal  functions  for  concrete,  independent  of  the 
target  and  projectile  parameters  K,  N.  d,  and  D. 
Thus,  by  numerical  evaluation  of  the  integrals,  a 
graph  can  be  made  for  finding  values  of  F*<r/x,  and 
V0«r,/x,.  Then  the  determine'  ion  of  v  or  c,  is  re¬ 
duced  to  a  simple  slide-rule  operation.  This  method 
of  estimating  penetration  timea  may  be  used  to  solve 
problems  regarding  fvse  settings  for  attacking  con¬ 
crete. 

rs  ADDENDA 

,Al  The  Solenoid  Method  for  Meaeoiing 
Phenomena  during  Penetration 

As  indicated  in  the  last  box  on  the  right  side  of 
Figure  16,  the  inoat  promising  way  of  improving  the 
present  understanding  of  penetration  wend  bo  to 
obtain  direct  experimental  observations  of  phenomena 
during  penetration.  Until  these  are  obtained,  theo¬ 
retical  considerations,  such  as  those  given  in  Section 
7.4.4,  will  continue  to  be  tentative  and  sp-xulative. 
Even  measurements  of  the  total  time  of  penetration 
alone  would  be  most  helpful. 


at  the  center  of  the  coih  For  this  case  Figure  17  is  a 


Fiootus  17.  Position  function /(x)  for  singt*  ooiL 


picture  of  tho  form  of  the  emf  pulse  as  a  function  of 
time  as  commonly  obtained  from  each  coil  in  the  sole¬ 
noid  method  of  measuring  projectile  velocities.  If 
the  projectile  strikes  s  resistant  target  (nonmaguetio 
and  nonconducting)  placed  near  the  coil,  the  emf 
puke  will  be  changed  because  v  changes  and  because 
x  is  no  longer  proportional  to  f.  On  the  assumption 
that  the  magnetic  moment  il  docs  not  materially 
change  after  impact  it  is  possible  to  deduce  the  pro¬ 
jectile  velocity  as  a  function  of  time  from  an  accu- 
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rately  recorded  oscillographic  trace  ot  the  emi  pulse 
as  a  function  of  time. 

A  more  direct  determination  of  velocity  as  a  func¬ 
tion  of  time  can  be  obtained  by  using  two  identical 
coaxial  coils  connected  in  opposition  and  spaced  a 
distance  of  0.90  diameter  apart.  Measuring  x  (in  coil 
radii)  from  the  point  on  the  common  axis  midway 
between  the  coils,  the  induced  electromotire  force 

«  »  lcF(x)  volts  (33) 

where  F(x)  =  /(x  +  0.90)  — /(x  —  0.90).  (34) 

This  two*  coil  position  function  is  shown  in  Figure  18, 
together  with  the  two  single-coil  components  of  which 


Fiaoaa  18.  Position  function  F(r)  for  two  opposing 
coils,  0.00  diameter  apart. 


it  is  composed.  The  flat-top  region  of  the  graph  illus¬ 
trate*;  the  fact  that  F(x)  =  0.4085  and  is  constant 
within  ±.%  per  cent,  whim  tho  dipole  is  in  the  interval, 

—  0.3  <  x  <  0.3,  (35) 

between  the  coils.  Hence,  in  this  interval,  equation 
(33)  becomes 

e  =  0.4085hv  volt,  •  '  (36) 

that  is,  the  induced  electromotive  force  is  proportional 
to  the  projectile  velocity  at  each  instant  and  is  inde¬ 
pendent  of  x  to  a  very  good  approximation.  The  oscil- 
1  graph  trace  will  give  directly  tho  velocity  as  a  func¬ 
tion  of  time  whilo  the  magnetic  center  of  the  projec¬ 
tile  is  in  the  interval  (35) ;  tho  target  should  there¬ 
fore  be  placed  so  that  the  decelerations  to  bo  observed 
occur  in  this  interval. 

7t  is  of  some  scientific  interest  to  point  out  that  this 
two-coil  arrangement  is  very  closely  related  to  a  two- 
coil  arrangement  specified  by  J.  C.  Maxwell"  for 


obtaining  a  nearly  uniform  magnetic  field  gradient 
near  the  midpoint.  Maxwell's  spacing  between 
coils  is  V3/2  =  0.866  diameter;  the  0.90-diameter 
spacing  is  a  compromise  which  serves  to  extend  tho 
useful  interval  (36)  somewhat  without  materially 
affecting  the  constancy  of  F(x)  for  practical  purposes. 
The  underlying  connection  between  the  present  ar¬ 
rangement  and  Maxwell's  becomes  clear  if  the  dipola 
is  considered  as  moving  in  the  uagnetio  field  of  a 
current  flowing  in  the  coils  and  tao  rate  of  work  done 
on  the  dipole  is  equated  with  the  additional  power 
required  by  the  current  to  overcome  tho  induced 
electromotive  force. 

Tho  two-coil  arrangement  not  only  has  the  advan¬ 
tage  over  the  single-coil  system  of  greatly  simplifying 
the  routine  analysis  of  the  recorded  oscillograph 
traces,  but  it  makes  it  easier  to  assess  the  accuracy  of 
the  resulting  t»(f)  curves  and  to  recognize  imperfec¬ 
tions  in  the  recording  system  which  might  rthersriae 
lead  to  erroneous  e(t)  curves. 

Experimental  work  using  the  two-coil  system  la 
reported  in  reference  17,  particularly  the  aspects  of  tho 
initiating  and  recording  system  and  the  problom  of 
stabilizing  the  bullets  to  reduco  the  change  in  magnetic 
moment  during  impact  to  a  minimum.  Satisfactory 
performance  was  obtained  with  .50-caliber  Service  AP 
bullets,  and  the  problem  of  stabilizing  model-scale 
artillery  tvp*  bullets  had  just  been  begun  when  tho 
w  ork  was  interrupted  in  order  to  transfer  the  available 
personnel  to  a  more  important  problem. 

7A*  Summary  of  Analytical  Theories  of 
Penetration  and  Perforation 

The  theory  of  concrete  penetration  presented  in 
Section  7.4  is  one  among  many  that  have  been  con¬ 
sidered  analytically.  The  following  summary  of  the 
various  mathematical  possibilities  is  presented  to  aid 
those  who  will  carry  forward  tho  theory  of  penetration 
end  perforation,  either  for  concrete  or  for  other 
materials. 

ScuuiKT  or  Integra  ble  Forcb  Laws 

Tho  various  inUgrahle  forms  of  B(z,v)  that  have 
been  proposed  may  be  summarized  under  two  general 
classes  of  analytical  force  laws" 

Separable:  B  —  a-g[t)  f(v),  (37) 

Generalized  Poncelet:  R  =  a -j(z)v^ 6-y(s)v*. 

(.-8) 

Since  s  nondeforming  projectile  is  considered,  A  will 
remain  constant  during  the  motion.  Hence  any  scale 
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effect  dependence  of  2?  on  d  need  not  appear  explicitly 
in  these  hypothetical  force  lews  in  order  to  permit  the 
forms!  integration  of  the  equation  of  motion,  equa¬ 
tion  (17).  Editions  for  penetration  and  perforation 
obtained  by  integrating  this  equation  are  collected 
in  Table  2.  Figure  19  shows  some  of  the  theories 
which  foil  under  these  two  general  classes  of  force 
laws,  as  special  cases.  Thus,  the  elassiral  theories*  if 
Robint-Euicr,  Poncelet,  and  Pitry  maybe  considered  as 
special  cases  of  either  equation  (37)  or  equation  (38). 

The  constants  a  and  b  have  been  written  as  factors 
separate  from  the  functions  of  s  and  v  in  these  equa¬ 
tions.  In  this  way  g{*),  y(*)»  and  /(*)  can  be  thought 
of  as  dimensionless  functions  which  may  remain  the 
same  for  a  given  type  of  target  (such  as  steel  or  con¬ 
crete)  while  the  constant  parameters  a  and  5  absorb 
the  necessary  physical  dimensions  and  have  different 
values  for  different  targets  of  the  same  type.  Both 
the  relations  between  v  and  s  during  penetration  and 
the  relations  for  residual  velocity  after  perforation 
have  been  put  in  a  form  not  involving  a,  b,  and  D  in 
Table  2  in  the  expectation  that  this  form  would  be 
invariant  for  ad  targets  of  one  type. 
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Fiouaa  19.  Classification  of  penetration  theories.  Thera 
are  ehows  eome  of  the  theorice  obtained  by  successive 
specialisation  (Indicated  by  arrows}  of  tha  two  general 
analytical  faroe  lavra  of  Table  1. 


Tea  lb  2.  Summary  of  analytical  theories  of  penetration  and  perforation. 
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11  the  function  g(t)  has  soma  form  inch  u  is  sug¬ 
gested  in  Figure  20,  it  can  talcs  account  of  target 
face  and  projectile  nosa  effects,  at  least  qualitative]/. 
(Compare  item  8  in  8ection  7.4.6.)  For  small  values 
of  s,  the  resistance  B  must  be  smaller  than  after  the 


The  first  term  on  the  right  in  equation  (38)  repre¬ 
sents  the  crushing  resistance  of  the  target,  vrhOa  tha 
second  term  represents  the  inertial  resistance  of  the 
displaced  target  material  in  tha  sense  of  the  classical 
Poncelet  theory.**  The  problem  of  the  form  that  y(a) 
should  have  it  more  elusive  than  that  for  g(s).  It 
may  be  plausible  to  give  y(s)  end  y,(s)  forma  similar 
to  those  suggested  for  g(s)  and  £«(*)  in  Figure  SO, 
and  for  similar  reasons;  certainly  y,(s)  should  also 
become  zero  for  seme  value  of  s  near  e/d. 

Tixx  or  Pxmrrsanox 

In  addition  to  the  relations  shovn  in  Table  2,  tha 
time-depth  relation  during  penetration  can  be  cal¬ 
culated  from  one  or  both  of  the  two  ezpreeeions 


Fionas  30.  Hypothetical  form  of  depth  dependence 
function  0(1}  in  equation  (37)  or  (38). 

full  projectile  nose  has  entered  the  target  and  after 
target  material  can  no  longer  escape  from  the  original 
target  volumo  as  petals  or  spall.  In  the  deeper  layers 
of  the  target  the  displaced  material  is  more  confined 
and  g(x)  may  level  off  to  a  fairly  constant  maximum 
value  (which  may  bo  made  unity  by  defining  the  para¬ 
meter  a  properly).  As  soon  as  the  material  at  the 
back  face  of  the  target  begins  to  yield  or  rupturo,  R 
must  begin  to  decrease,  perhapa  very  rapidly  or  even 
abiuptly  as  is  suggested  by  the  dashed  curve  for  g,(i) 
in  Figure  2C.  In  the  region  of  massive  penetration, 
gt[i)  and  g(x)  should  conincidc,  the  position  of  tho 
dashed  portion  of  g,(x)  being  determined  by  the  dia- 
taneo  from  the  bock  face  of  the  target  The  depth  x, 
at  which  <7«(t)  becomes  zero  will  be  near  e/d,  but  it 
may  be  greater  than  s/d  with  a  ductile  material  like 
a  tool  or  it  may  be  lea  than  e/d  with  a  brittle  material 
like  concrete. 


13  * =/.  • ' 


provided  e!  her  that  v  can  be  expressed  as  a  function 
of  t  in  equation  (39)  or  that  R  from  equation  (17) 
can  be  expressed  as  a  function  of  v  in  equation  (40). 
The  latter  is  especially  useful  for  sectional  pressure 
theories,  for  which  R  —  a/(t>),  as  shown  in  Figure  19. 
Particular  interest  attaches  to  the  total  time  to  max¬ 
imum  penetration  x,  which  is  important  in  (estimating 
fuzing  times.  It  has  been  s^ggcatod,,•,••,,  that  the 
dimensionless  combination 


f' 

K  —  - -  —  12 - y  ea  / 

*•  Je 


is  a  useful  parameter  for  such  probloms  since  its 
value  will  be  near  2.0,  as  may  be  seen  by  regarding 
K  os  tho  ratio  of  tho  striking  velocity  vt  to  the  aver¬ 
age  velocity  during  penetration  xjiv  The  dimension- 
leu  quantity  K  used  in  equation  (29)  of  Section 
7.4.6  is  the  same  as  £  in  equation  (41),  although 
different  units  were  used  for  Telocity  and  rime. 
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U  INTRODUCTION 

LASTicr  nom  iox  is  the  American  name  for  a 
material  originally  developed  by  the  British  and 
called  by  them  plastic  armor.***  This  material  has 
been  further  developed  both  abroad  and  In  this  coun¬ 
try,  and  has  proved  useful  as  a  protective  material 
requiring  relatively  small  amounts  of  strategically  im¬ 
portant  materials.  Its  chief  use  is  for  protection 
against  small-caliber  bullets  or  fragments. 

*-u  Description  of  the  Material 

Plastic  protection  consists  of  s  lsyer  of  stones  em¬ 
bedded  in  a  msstio  of  asphalt  and  filler,  backed  by  a 
thin  plate  of  mild  steel  and  having  a  layer  of  expanded 
metal  embedded  in  the  mixture  near  the  front  face. 
The  approximate  proportions  by  weight  for  the  main 
component  are:  60  per  cent  stone,  30  per  cent  lime¬ 
stone  dust  filler,  10  per  cent  asphalt  or  other  M  u- 
minous  binder.  These  materials  are  thoroughly  mixed 
at  a  temperature  high  enough  for  the  aaphdt  to  be¬ 
come  molten  and  to  wet  the  tiller  and  atone,  and  the 
mixiure  is  then  poured  into  molds  or  onto  backing 
plates.  The  stone-bitumen  mixture  can  be  poured  from 
the  mixing  oven  directly  against  the  wall  of  a  struc¬ 
ture;  this  is  sometimes  done  to  protect  certain  parts 
of  a  ship  from  strafing  attack  by  planes.  In  ita  most 
common  form  plastic  protection  is  furnished  in  slabs 
that  esu  be  bolted  to  the  walls  of  structures  or  fitted 
together  to  form  walla  around  objects  to  be  protected. 

u  BALLISTIC  BEHAVIOR  OF 
PLASTIC  PROTECTION 

Plastic  protection  is  a  mixture  of  bard  stones  and 
soft  bituminous  filler.  Because  of  this  heterogeneous 
nature,  it  must  be  expected  that  projectiles  of  a  par¬ 
ticular  variety  striking  various  points  on  the  surfaco 
of  the  material  will  penetrate  in  different  ways  and 
that  the  depth  of  penetration  will  vary  over  a  wide 
range.  Projectiles  will  bo  deflected  by  the  stones,  will 

•Pertinent  to  War  Department  Project*  CE-5\nd  CE-fi 
and  to  Navy  Department  Projects  NO-11,  NO-13,  and 
NS-145. 

*For  definition  of  ballUtlo  terms,  see  Chapter  f . 

•See  Weapon  Data  She*'  £2  of  Chapter  19. 


yvr,  and  may  be  broken  if  they  suffer  glancing  impact 
against  a  stone  at  a  high  Telocity.  TLua  the  process  of 
penetrating  into  a  slab  of  given  thickness  at  a  gives 
striking  velocity  can  occur  in  a  large  number  of  ways, 
some  of  which  may  result  in  poricration  of  the  slab 
by  the  projectile  or  perts  of  a  broken  projectile, 
others  not  Consequently,  there  is  no  sharply  defined 
limiting  velocity  for  perforation.  One  can  only  specify 
that,  for  a  given  thickness  of  plastic  protection,  bul¬ 
lets  striking  with  low  velocity  will  generally  be 
stopped,  only  a  small  fraction  perforating.  As  the 
striking  velocity  is  increased,  the  fraction  perforating 
the  slab  will  increase,  and  at  very  high  striking  veloc¬ 
ities  a  large  fraction  of  the  bullets  striking  the  target 
will  perforate.  If,  on  a  graph,  a  plot  Is  mads  of  the 
proportion  of  the  striking  bullets  that  perforate,  as  a 
function  of  striking  velocity,  the  result  will  be  similar 
to  each  of  the  curves  of  Figure  1. 

*-Ll  Statistical  Interpretation  of 
Perforation  Data 

The  large  variety  of  ways  in  which  a  bullet  can 
penetrate  plastic  protection,  some  of  them  leading  to 
perforation  and  others  not,  can  be  treated  statistical¬ 
ly.1  If  all  details  of  the  mechanism  were  known,  all 
methods  of  penetrating  could  be  determined  and  the 
fraction  of  these  leading  to  perforation  could  be 
found  for  each  striking  vulecity  and  for  each  slab. 
This  information  is  not  known,  and  the  results  must 
bo  found  experimentally  by  firing  a  large  number  of 
bullets  and  counting  the  perforations  to  determine  tho 
percentage  through.  This  must  be  done  for  a  number 
of  striking  velocities  to  delennine  oue  of  the  curve* 
shown  iu  Figure  1,  and  must  be  repeated  at  several 
striking  velocities  for  slabs  of  different  thickness,  or 
weight  per  unit  area,  to  determine  a  full  Bet  of  curves. 
Each  point  on  one  of  theso  curves  is  an  average  value 
of  the  percentage  through,  end  to  be  reliable  each 
point  must  be  based  on  a  largo  number  of  rounds  find. 
Standard  statistical  methods  may  be  used  to  determine 
the  reliability  of  each  point  and  thus  to  determine 
the  reliability  of  each  curve  or  series  of  curves. 

The  determination  of  tho  ballistic  properties  of 
plastic  protection  by  the  statistical  treatment  referred 
to  above  requires  firing  s  large  number  of  rounds  if 
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the  result  is  to  bo  reasonably  reliable.  Tbia  baa  been 
done  for  only  one  type  of  plastic  protection  and  using 
only  one  bullet,  the  .30-caliber  armor-piercing  (AP] 
M2.  The  results  are  shown  in  Figure  1.  Curves  for 
mild  steel  and  for  armor  plate  are  included  in  the 
figure  for  comparison.  Tho  steepness  of  the  curves 
for  mild  steel  and  for  armor  show  why  perforation- 
limit  velocities  for  tliCoe  materials  can  be  determined 
simply  by  bracketing;  tho  difference  between  the  ve¬ 
locity  for  complete  protection  and  the  velocity  for 
certain  perforation  is  amall.  The  phenomenon  is  en¬ 
tirely  different  from  that  of  perforation  of  plastic 
protection  and  statistical  methods  are  not  usually 
necessary. 

The  curves  show  that  at  low  striking  velocities 
plastic  protection  is  not  so  good  as  an  equal  weight 
of  mild  steel  or  armor  plate,  since  the  steel  and  armor 
stop  all  bullets,  while  a  few  get  through  the  plastic 
protection.  At  higher  velocities  the  plastic  protection 
is  better  than  either  the  mild  steel  or  arn  or,  since  it 
stops  some  of  the  bullets  while  the  other  materials  are 
perforated  by  all  bullets  that  strike  with  high  enough 
velocity.  As  a  specific  example,  tbs  curves  show  that 
plastic  protection  having  a  weight  of  80  lb  per  sq  ft 
is  inferior  to  mild  steel  of  the  same  unit  weight  for 
.30-caliber  AP  112  bullets  striking  normally  with 


velocities  below  2,120  fps,  but  is  superior  to  the  mild 
steel  at  higher  velocities.  At  s  striking  velocity  of 
2,250  fps  all  the  bullets  will  perforate  the  mild  steel 
while  only  40  per  cent  of  them  (on  the  average)  will 
perforata  the  plastic  protection. 

Statistical  Mktuowi 

Different  statistical  treatments  of  the  data  have 
been  suggested.1  Tire  most  promising  method  is  based 
on  the  hypothesis  that  tho  percentage  through  may  be 
represented  as  a  uormal  probability  integral  function 
of  the  thickness,  or  weight  per  unit  ares,  for  a  given 
striking  velocity,  but  present  data  offer  no  proof  that 
this  method  is  better  than  othars.  Mathematical  details 
of  the  statistical  methods  of  analysis  and  interpreta¬ 
tion  of  the  perforation  data  for  plastic  protection  are 
also  given. 

in  Behavior  at  GbUcuitiea 

The  comparison  between  plastic  protection  and  mild 
steel  or  armor,  shown  in  Figure  1,  is  for  bullets  strik¬ 
ing  at  normal  incidence.  At  obliquities  other  than 
normal,  the  comparison  is  even  more  favorable  to 
plastic  protection  at  high  velocities  and  just  as  good 
or  slightly  better  at  low  velocities. 

SlCOC&ET 

i  Fewer  ricochets  are  observed  from  plastio  proteo- 
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tion  than  from  mild  steal  or  armor  when  both  an  2.  The  mild  steel  backing  plate  should  be  between 


subjected  to  oblique  attack  under  the  same  conditions. 
For  .30-caliber  AP  MS  bullets  striking  with  a  velocity 
of  about  2,800  fps,  ricochets  hare  not  been  observed 
for  obliquities  of  46°  from  the  normal  and  it  is  neces¬ 
sary  to  increase  the  obliquity  to  60°  from  the  normal 
before  a  majority  of  the  ballets  begin  to  ricochet.  The 
other  bullets  an  embedded  in  Urn  slab.  This  behavior 
is  much  better  than  that  of  mOd  steel  or  armor  plate 
for  uses  in  which  prevention  of  ricochet  is  desirable. 

1X1  Protection  against  Explosion* 

No  extensive  teste  of  the  protective  veins  of  plsttie 
protection  subjected  to  explosions  hsvt  been  nude. 
Slabs  of  British  Msrk  II  plastic  armor,  1%  in.  thick, 
with  a  20-gauge  mild  steel  face  plate  and  %»-in. 
mild  steel  backing  plate  have  been  tested  by  contact 
explosion  of  hand  grenades  and  mortar  bombs.1  A 
Britiah-type  36M  hand  grenade  was  detonated  in 
contact  with  such  plaatic  protection;  no  perforations 
were  observed,  and  the  backing  plate  was  only  slightly 
bent.  Similar  results  were  obtained  by  detonating 
grenades  15  in.  from  the  panels,  and  by  detonating  e 
grenade  in  contact  with  panels  and  over  a  joint  be¬ 
tween  panels.  A  British  2-in.  Mark  I  mortar  bomb 
was  fired  to  strike  panels  of  plastio  protection  with  a 
velocity  of  210  fps.  The  bomb  detonated  instantane¬ 
ously,  and  although  the  front  of  the  pauel  was  dam¬ 
aged,  only  alight  bending  of  the  backing  plate  was 
observed.  There  were  no  perforations. 

u‘  Protection  against  Shaped  Charges 

The  use  of  plastic  protection  for  protection  against 
shaped  charges  is  discussed  in  Chapter  14. 

u  SPECIFICATIONS  OF  COMPONENTS 

Extensive  tests  of  plaatic  protection  have  been  sde 
only  with  the  .30-caliber  AP  M2  bullet  Such  testa 
have  been  made  of  plastic  protection  of  several  dif¬ 
ferent  compositions,  and  limited  tests  have  been  made 
using  large  missiles. 

The  beat  specification  of  components,  based  on  these 
teats,  is  as  follows 

1.  The  stone  size  should  be  at  least  three  times 
the  diameter  of  the  missile  to  be  stopped.  Flints  and 
quartzites  are  the  moat  effective  of  the  easily  available 
atones. 

2.  The  stone  content  should  be  approximately  60 
per  cent  by  weight,  the  mastic  approximately  40 
per  cent 


10  and  30  per  cent  of  the  weight  of  the  paneL 
4.  The  thickness  of  panel  should  be  9  to  10  times 
the  diameter  of  the  missile  to  be  stopped. 

111  Effect  of  Variation  of  Component': 

The  effect  of  varying  tbs  thickness,  or  weight  per 
unit  area,  of  plastic  protection  la  shown  in  Figure  i. 
The  effects  of  varying  some  of  the  other  specifications 
have  been  studied  by  testing  panda  with  small-caliber 
bullets,  and  the  results  of  these  tests  are  outlined  be¬ 
low.  These  results  are  tentative,  since  the  large  num¬ 
ber  of  teats  needed  to  establish  statistically  significant 
differences  have  not  been  mad*. 

Ttrx  or  Stqjt* 

Test  panels  have  been  made  using  a  wide  variety  of 
types  of  atone.  Tho  results  of  testing  these  panels  show 
rather  conclusively  that  Sint  and  quartzite  are  better 
than  other  easily  available  materials,  and  that  softer 
or  weaker  atones  are  not  satisfactory. 

Similar  testa  have  been  made  of  panels  containing 
steel  balls  in  a  plastic  binder.1  No  direct  comparisons 
between  this  and  the  normal  variety  of  plastio  protec¬ 
tion  havo  been  made. 

Sxxs  or  Sxoxa 

Panels  made  of  stone  cf  several  sizes  have  been 
tested,  and  panels  using  atone  of  uniform  size  and 
stone  of  graded  sixes  have  been  tested.  Th.  results  of 
these  tests  show  that  the  average  dimensions  of  the 
stone  should  be  at  least  three  times  tho  diameter  of 
the  attacking  bullet,  and  that  the  use  of  stone  of  a 
more  or  less  uniform  size  results  in  slightly  better 
protection  than  is  provided  by  an  equal  quantity  of 
stone  graded  in  size  ~ip  to  a  maximum  cf  about  throe 
times  tho  bullet  diameter. 

Trrz  or  Maano  Butokx 

Several  mastic  binders,have  been  used,  and  a  choice 
between  asphalt  and  coal-tar  pitch  cannot  bo  made  on 
the  basis  of  present  knowledge.  A  few  panels  were 
made  for  experimental  purposes  using  gelatin  binder 
and  these  were  definitely  inferior  to  those  made  with 
asphalt  or  coal-tar  pitch  binders.  Tests  of  slabs  made 
with  different  types  of  asphalt  indicate  that  the  binder 
should  have  a  high  tensile  strength,  hut  this  conclu¬ 
sion  is  based  on  a  small  amount  of  data  and  the  tests 
do  not  include  materials  of  a  very  high  tensile 
strength.  It  is  quite  possible  that  after  a  certain  ten¬ 
sile  strength  is  leached,  a  further  increase  in  tensile 
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•trength  of  tha  binder  will  add  my  litt! j  to  the  pro* 
teeth*  vahu* 

Pxopoxtioni  or  Matxxiau 

81aba  have  been  made  Being  various  proportions  of 
atone  and  mastic  binder.  It  bee  been  found  that  the 
beat  protection  for  a  given  weight  of  material  per 
square  foot  is  given  by  a  mixture  containing  between 
65  and  65  per  cent  of  stone  by  weight  If  the  stone 
component  is  more  than  70  per  cent  by  weight  there 
may  be  difficulty  in  pouring  the  mixture  into  vertical 
molds.  Most  plastic  protection  used  at  present  eon* 
tains  about  60  per  cent  of  stone  by  weight 

Bacxiko  Plats 

Slabs  made  with  and  without  backing  platca  have 
shown  by  test  that  a  backing  plate  adda  materially  to 
the  protection.  Without  a  backing  plate,  materkl  may 
be  ejected  from  the  back  face,  while  a  becking  plate 
tends  to  keep  the  material  in  place  and  thus  aids  the 
material  in  stopping  the  bullet 

A  number  of  tests  have  been  made  in  attempts  to 
find  s  substitute  for  steel  to  be  used  for  the  backing 
plate.  The  only  satisfactory  materials  are  other 
metals;  these  are  usually  more  expensive  but  may  be 
used  if  a  nonmagnetic  material  ia  needed.  They  hav* 
no  advantage  over  steel  in  terms  of  protection.  Armor 
plate  is  slightly  better  tluin  mild  steel  for  use  as  a 
backing  plate,  but  the  extra  protection  can  be  attained 
more  economically  by  using  mild  steel  and  a  thicker 
alab  of  plastic  protection.  Plywood,  fiber  board,  and 
similar  materials  are  definitely  inferior  to  steel. 

In  the  present  designs  of  plastic  armor,  tbe  backing 
plate  is  usually  from  10  to  30  per  ceut  of  the  weight 
of  the  slab.  The  optimum  thickness  has  not  been  de* 
termined. 


Fboxt  Flat*  ox  Expamdzd  Kmi  Bxarvoxcura 

Slsbe  have  been  made  with  and  without  a  front 
plate  of  mild  steel  or  armor.  If  the  s)»b*  are  of  equal 
weight  per  square  foot  (those  without  the  front  plate 
being  thicker)  the  protective  valne  ia  not  significantly 
different  for  bullets  striking  normally.  Fcr  ballet* 
striking  with  obliquity,  more  ricochet*  occur  from 
slab*  haring  a  front  plate. 

Expanded  metal  or  some  similar  material  ia  usually 
placed  in  the  slab  of  plaatic  protection  as  an  aid  ia 
holding  the  material  together  under  heavy  attack  and 
to  act  as  reinforcing  for  additional  structural  strength. 
It  has  been  found  that  the  addition  of  a  layer  of  ex* 
pended  metal  is  advantageous  and  that  it  is  somewhat 
better  to  place  the  material  near  the  front  of  the  slab 
than  to  place  it  iu  the  center. 

M  RECOMMENDATIONS  FOR 

FUTURE  WORK 

Plastic  protection  is  a  new  materiel  and  hae  not 
been  investigated  thoroughly.  It  ia  a  promising  mate* 
rial  for  protection  against  small-anna  fire  and  against 
fragmem*,  and  does  not  use  large  quantities  of  stra¬ 
tegically  important  materials.  For  these  reasons  fur¬ 
ther  instigations  'i  plastic  protection  ore  highly 
desirable. 

The  tm  ual  means  of  determining  the  ballistic  merit 
of  a  nuLfTial  in  terms  of  thickness  required  to  stop 
missiles  having  given  characteristics  and  striking 
velocity  cannot  be  used  in  studying  tbe  behavior  of 
plastic  protection.  Statistical  methods  of  analysis  and 
interpretation  must  be  used,  and  these  methods  re¬ 
quire  a  Large  number  of  testa  if  the  results  ars  to  be 
significant. 
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%x  introduction 

Sou,  an  •kxm  cuo  mom  in  military  protective  cotv* 
struction  than  any  other  material,  from  the  para* 
pet  and  paradoa  of  a  foxhole  to  the  targe  embankment! 
aacd  in  major  fortification!  and  tin  earth  oo«ar  abort 
deep  underground  storage  of  materiel.  The  ose  of  very 
large  bomba  capable  of  doep  penetration  into  toil  re* 
quires  a  knowledge  of  the  factors  controlling  the  pene* 
tration  of  a  miscile  into  eoil.  The  advent  of  the  atomio 
bomb  gives  increased  importanoi  to  a  knowledge  of 
theee  factors,  since  one  obvious  countermeasure  to  it 
is  construction  deep  under  ground.  New  weapon  I  must 
be  dosigned  that  are  cepeble  of  penetrating  to  great 
leptha  so  that  buried  enemy  targets  may  be  nautral* 
ised  by  deep  explosion.  Furthermore,  it  is  essential  to 
know  what  depth  of  bunal  will  make  our  own  vital 
points  relatively  safe  against  the  weapons  expected 
from  the  enemy.1*4 

•J-i  Studies  of  Soil  Penetration 

Moat  of  the  work  on  penetration  into  soila  piior  to 
World  Wax  II  consisted  of  the  determination  of  parent* 
etora  in  empirical  equations  that  had  bacn  developed 
for  other  materials,  with  no  systematic  attempt  to  find 
whether  the  assumptions  implied  in  the  form  of  these 
equations  were  valid  in  the  case  of  toils. 

Hie  early  work  on  penetration  into  toils  done  in 
World  War  II  consisted  chiefly  of  ad  hoc  teats  of  spe¬ 
cific  projectiles  or  bombs,  usually  over  a  very  limited 
range  of  velocities,  and  compilations  of  the  depths  of 
penotration  of  bombs  dropped  onto  various  soils.  In 
many  instances  the  dimensions  and  woight  of  the  mis* 
silo,  the  striking  velocity,  or  the  characteristics  of  the 
soil  were  not  Included  in  the  reported  data  so  that  the 
results  of  theio  special  tests  cannot  bo  correlated  with 
each  other  or  reduced  to  genoral  relations.  In  1043  the 
Committee  on  Passive  Protection  Against  Bombing 


of  and  projectiles  into  soil  was  entirely  inade¬ 
quate.  Consequently,  at  the  request  of  the  Office  of 
the  Chief  of  Engineers,  TJ.  8.  Army,  the  oommit* 
tea  (later  called  the  Committee  on  Fortification  De¬ 
sign  [CFD] )  initiated  a  study  of  the  terminal  ballistics 
of  soils.  This  was  carried  out  by  the  committee  in  co¬ 
operation  with  Division  2,  NDRC,  and  employed  the 
Ballistics  Laboratory  of  the  Princeton  University  Stas 
tion  >d  Division  2.  The  results  were  reported  to  the 
Chief  of  Engineers,  U.  8.  Army.1  This  test  consisted 
of  a  systematic,  though  limited,  study  of  the  effecta  of 
striking  velocity,  projectile  chape  and  weight,  and  soil 
type  end  condition  on  the  penetration  of  projectilee 
end  bombs  into  soils  and  into  composite  targeta  of 
earth  and  other  materials.  The  Hoad  Research  Labo¬ 
ratory  [RRL]  of  the  Department  of  8cientifio  and 
Industrial  Research  (British)  has  also  recognized  the 
inadequacy  of  earlier  information  bn  penetration  into 
soils  and  has  made  a  systematic  study  of  the  effecta  of 
several  variables  on  projectile  penetration  into  soil\ 
chalk,  and  gravel.*4 

M  PHYSICAL  PHENOMENA  THAT 
ACCOMPANY  PROJECTILE 
PENETRATION 

The  penetration  of  projectiles  and  bombs  into  soils 
is  characterized  by  wide  variations  in  penetration  ob¬ 
served  under  apparently  identical  conditions.  These 
variations  are  attributed  to  instability  and  tumbling 
of  the  projectile  and  to  the  curved  trajectory  usually 
observed  near  the  end  of  the  penetration  path.  The 
penetration  is  dependent  on  many  of  the  physical 
properties  of  the  toil,  such  as  the  grain  size  and  dis¬ 
tribution,  the  density  and  degree  of  compaction,  the 
moisture  content,  end  the  presence  of  large  stones  or 
voids.  For  example,  a  projectile  will  penetrate  from 
two  to  three  times  as  far  into  rich  clay  as  bio  coarse 


[CPPAB],  National  Research  Council,  in  preparing 
a  report  on  terminal' ballistics  and  explosive  effects,'* 
found  that  the  information  available  on  penetration 

•Pertinent  to  War  Deportment  Project*  CE-6  and  CIS-4 
acd  to  U.  8.  Navy  P*o]*ct  NO-12. 

•See  Chapter  5  for  general  dUcuwlon  of  terminal  ballistics. 

•Set  Weapon  Dot*  Sheets  XU*,  XA2a,  and  2Cla  In 
Chapter  19. 


tend;  thus  stratification  of  the  soil  or  other  variations 
in  composition  along  the  trajectory  will  have  sa  ap¬ 
preciable  effect  on  the  depth  of  penetration. 

Projectiles  penotratlng  a  cohesive  soil  generally 
form  conical  craters,  wide  at  the  entrance  and  taper¬ 
ing  for  nearly  the  full  length  of  the  penetration  path. 
A  large  mass  of  soil  is  displaced  by  tha  project!’*,  the 
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•oil  in  front  of  the  projectile  being  ccmpectod  end 
ao  me  times  pulverised.  Neer  the  surface,  projectile* 
meet  e  comparatively  smell  resistance  to  motion,  since 
the  surface  breaks  sway  end  relieves  the  compaction. 
Farther  below  the  surface  the  soil  hss  been  compacted 
by  the  overburden  so  that  the  resistance  to  deforma¬ 
tion  and  to  penetration  incresses  with  depth.  If  e  pro¬ 
jectile  strikes  soil  at  high  obliquity  it  will  tend  to 
curve  toward  the  surface,  attempting  to  stay  in  a  re¬ 
gion  of  small  reaiatance  to  motion.  If  tho  obliquity  ia 
great  enough,  the  projectile  will  ricochet  (see  Weapon 
Data  Sheet  2A5  of  Chapter  19). 

Ordinary  projectiles  are  unstablo  in  end-on  motion 
through  earth  and  tend  to  assume  a  sidc-on  attitude. 
Once  a  projectile  starts  turning  sideways,  the  forces 
resisting  forward  motion  arc  asymmetrical  with  respect 
to  the  projectile  and  the  trajectory  will  bo  curved.  Tho 
projectile  rnay  even  come  to  rest  with  the  nose  point¬ 
ing  back  toward  the  point  of  entry.  Blunt-nosed  pro- 
joctileR  are  more  atablo  in  motion  in  soils,  with  the 
possible  exception  of  sands  and  gravel,  than  sharp- 
nosed  projectiles;  since  they  topple  less  quickly  they 
present  a  smaller  area  to  the  soil  nud  thcroforo  have 
lew  resistance  to  motion. 

Projectiles  striking  coarse  sand  at  high  velocity 
crush  tho  sand  into  a  flno  powder.  Jacketed  Sorvice 
bullets  striking  conrso  saud  at  velocities  above  about 
1,800  fps  have  tho  jacket  stripped  from  Use  core  and 
at  higher  velocities  the  jacket  is  torn  into  small  piccca. 
At  lower  velocities  the  jacket  is  not  stripped  but  is 
dcoply  scored. 


«-&  EXPERIMENTAL  INVESTIGATIONS 
OF  PENETRATION  INTO  SOIL 

Experimental  investigations  of  penetration  into  soils 
require  a  knowledge  of  tho  shape  and  weight  of  the 
projectilo  used,  its  striking  velocity  and  obliquity,  the 
characteristics  of  tho  soil,  and  tho  effects  achieved. 
The  striking  velocity  of  the  projectile  may  bo  meas¬ 
ured  with  ouy  of  the  standurd  chronographs  that  hoyo 
been  developed  for  this  purpose.  Physical  characteris¬ 
tics  of  tho  soil  should  be  determined,  including  the 
classification  of  the  soil,  tho  gTain  size  and  distribu¬ 
tion,  the  moisture  content,  tho  bulk  density,  and  the 
dry  density.  Physical  properties  of  the  soils,  such  as 
the  shearing  strength,  tho  compressibility,  tho  bearing 
strength,  and  tho  Proctor  needle  penetration  pressure, 
have  not  yet  been  related  to  j  enctration  resistance,  but 


if  an  analysis  of  the  results  it  to  be  attempted  in  terms 
of  the  physical  properties  of  the  target,  measurement 
of  these  and  other  properties  should  be  made  by  the 
standard  methods  used  in  soil  mechanics. 

The  effects  on  the  target  normally  include  the  depth 
of  penetration,  the  diameter  of  the  conical  crater  at 
several  depths,  information  on  toppling  of  the  projec¬ 
tile  and  curvature  of  the  path,  and  any  other  data  that 
may  be  desirable  for  apecial  purposes.  The  objective 
of  experimental  work  on  penetration  of  projectiles 
and  bombs  into  soils  ia  to  relate  tho  measured  effects 
on  tbs  target  to  the  characteristics  of  the  projectile, 
the  striking  anglo  and  velocity,  and  tha  properties  of 
the  target. 

,AI  Experimental  Work  at  Princeton 

In  the  fall  of  1943  CFD  of  the  National  Research 
Council  initiated  a  series  of  teats  on  terminal  ballistics 
of  soils  using  the  range  facilities  of  the  Princeton 
University  Station,  Division  8,  NDRC.  The  results  of 
these  tests  were  reported  in  July  1944  to  the  Chief  of 
Engineers,  U.  8.  Army.' 

Penetration  Tests 

Penetration  tests  were  niado  by  firing  .60-caliber 
special  projectiles  iutr.  a  box  filled  with  soil  or  into  a 
mound  of  soil  with  a  smooth  face;  all  firings  were 
horizontal  and  normal  to  the  target  surface.  Velocities 
from  600  to  3,000  fps  were  cbtuined  by  using  different 
powder  charges,  and  the  velocity  of  each  round  was 
measured  by  an  Abordeou-typo  chronograph  using 
metal  foil  screens.  Solid  steel  projectiles  having  vari¬ 
ous  nose  shape,4  .60-calibcr  jacketed  Service  ammuni¬ 
tion,  and  14-in.  atool  spheres  were  used.  Ogival-nosed 
projectiles  of  1.6-calibor  radius  and  having  three  dif¬ 
ferent  masses  wero  fired  to  deterraino  the  effect  of 
mess  on  penetration. 

Sand,  loam,  and  a  rich  clay  were  used  as  target  ma¬ 
terials.  The  characteristics  of  these  soils  as  used  are 
given  in  Table  1.  Tho  sand  and  the  loam  were  placed 
in  a  largo  wooden  box,  4  ft  square  nud  2  ft  deep,  hav¬ 
ing  a  cloth  face  supported  by  widc-racsh  wire  screen¬ 
ing  on  the  aiming  ride.  The  rich  plaetio  clay  was  stiff 
enough  to  hold  its  shapo  and  was  built  into  a  mound 
about  5  ft  wide,  8  ft  long,  and  2  ft  high  with  a  smooth 
vertical  faco  on  ono  side. 

Two  or  three  projectiles  were  fired  into  each  target, 
using  woll-scparated  aiming  points.  Each  projectile 

4  Flit,  hemispherical,  ogival  oi  1.6-cailber  radius,  sad 
ogival  of  3.1-callber  radius. 
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Tabu  L  Physical  characteristics  <1  aoft*  and  ia 
ballistic  teste  at  PriaatML 


•fry  of  msa  warn* 

Target  motet's! 
Sand  Loam  Clay 

Mechanic*!  analysis  (%  by  weight) 

Coen*  tend,  iarpr  Una  0.26  mm 

w 

96 

u 

Flee  send.  0.09  to  0£6  mm 

10 

!  26 

l  V 

801,  OJtBSte  0.06  mee 

• 

n 

1» 

Clay,  smeller  than  0006  an 

• 

M 

88 

Plastic  UmU,  moisture  (%  by  weight) 

e  a  * 

tt 

sa 

Liquid  limit,  moisture  (%  by  weight) 

*  *  % 

V 

00 

Flattie  Index 

set 

6 

28 

Properties  cf  the  toils  at  need  for 
per*  tratioo  test* 

: 

Moisture  (%  of  dry  weight) 

6 

18 

36 

Dry  weight  (lb  per  ol  ft) 

100 

108 

84 

Proctor  needle  pressure  (per) 

160 

290 

40 

«u  then  recovered  by  digging  along  the  trajectory  by 
hand,  and  the  position  ol  the  projectile  and  the  length 
of  trajectory  measured.  A  projectile  can  be  recovered 
easily  in  clay  because  the  crater  remain*  open  after 
penetration.  The  craters  in  sand  collapsed  and  careful 
digging  vrss  necessary  to  find  the  projectiles  without 
changing  their  positions. 

The  target  was  rebuilt  and  recompacted  for  each 
group  of  shots.  Measurements  of  the  density,  compac¬ 
tion,  and  moisture  content  were  mads  at  frequent  in¬ 
tervale. 

Penetration  Teats  in  Sand.  All  eix  type#  of  projec¬ 
tiles  were  fired  into  sand  at  velocities  cf  600  to  3,000 
fps.  All  of  the  projectiles  were  unstable  and  toppled 
at  atrildng  velocities  above  800  fpa.  The  trajectories 
vers  curved  and  the  projectiles  were  frequently  found 
to  have  undergone  lateral  motion  from  the  point  of 
impact  as  great  aa  one-half  the  penetration.  In  some 
cases  the  pith  of  the  projectile  through  the  sand  could 
be  determined  by  traces  of  discoloration,  crushed  or 
dried  sand,  or  warm  places  in  the  sand,  hut  in  most 
instances  tho  only  measurements  that  oould  be  mado 
were  the  final  position  of  tho  projectile  with  respect  to 
tho  entrance  point  end  its  orientation. 

There  was  a  wide  scatter  in  the  data  for  penetration 
of  each  of  the  projectiles  into  tend.  Penetration 
depths  and  lateral  offaeta  differing  by  more  than  30 
per  cent  were  common  for  rounds  fired  under  sup¬ 
posedly  identical  conditione. 

No  appreciable  difference  in  the  penetration  of  pro- 
joctiles  having  the  same  mass  but  different  nose  ehapo 
was  found.  Projectiles  having  the  same  site  and  shape 
but  different  masses  penetrated  to  different  depths  in 
sand,  the  lighter  projectiles,  of  course,  penetrating 


lets.  ProWetilee  having  ogival  noses  of  1.6-caliber  ra¬ 
dius,  equti.  lengths,  and  masses  differing  by  30  per 
cent  had  penetrations  differing  by  11  per  cent  at  sama 
velocity.  The  Vfc-v*.  i  ">herea  had  a  mass  8?  per  cent  of  - 
the  mess  of  the  projectiles  with  hemispherical  nosea 
and  at  the  aaxne  velocity  penetrated  about  06  per  cent 
aa  deep  as  those  proje.eica. 

The  J5 0-caliber  ball  M2  Service  projectiles  showed 
severe  scoring  of  the  copper  jacket  when  fired  into 
sand  at  low  velocities.  At  velocities  above  about  1,600 
to  1,800  fpe  the  jackets  were  stripped  from  the  cores, 
and  at  higher  velocities  the  jackets  were  torn  to  small 
pieces. 

Tests  were  made  by  firing  into  sand  targets  having 
different  compactions  and  different  water  contents. 
These  are  related  by  the  feet  that  the  dry  unit  weight 
(weight  per  unit  volume  of  dry  component)  due  to  a 
given  compaction  depends  upon  the  moisture  content 
of  the  toil.  Changing  the  dry  unit  weight  either  by 
compaction  or  by  changing  the  moisture  content  had 
approximately  the  earne  effect  on  penetration.  Targets 
of  low  dry  unit  weight  allowed  greater  penetration  of 
the  projectiles  than  highly  compacted  targets;  increas¬ 
ing  the  diy  unit  weight  from  91  to  103  lb  per  cu  ft 
resulted  in  a  decrease  of  about  20  p »r  cent  in  penetra¬ 
tion  depth 

Penetration  Teste  in  Loam.  The  penetration  testa 
in  loim  soil  were  similar  to  those  in  sand.  The  same 
projectiles  were  fired  over  the  same  range  of  velocities, 
and  penetration  depths  and  lateral  offsets  wore  meas¬ 
ured  for  each  round.  No  tests  were  made  of  loam 
targets  having  different  compactions  or  moisture 
contents. 

The  results  were  similar  to  those  found  in  the  teats 
of  sand  targets.  The  projectiles  were  unstable  and 
toppled  in  tho  soil,  tho  long-nosed  projectiles  becom¬ 
ing  unstablo  at  slightly  lower  velocities  than  the  flat- 
end  hemisphcrical-nosed  projectiles.  The  scatter  in  the 
data  for  "oands  fired  under  apparently  similar  condi¬ 
tions  was  not  so  great  as  in  sand. 

The  blvut-nosed  projectiles  penetrated  farther  in 
the  loam  soil  titan  did  the  sharp-nosed  projectiles  of 
tho  same  mass.  Compared  to  the  projectile  having  an 
ogival  nose  of  l.S-calibcr  radius,  tho  flat-nosed  projec¬ 
tiles  showed  on  increase  in  penetration  of  16  to  20  per 
cent,  the  hemispherical-nosed  projectiles  showed  an 
increase  of  about  7  per  cent,  and  the  projectile*  having 
ogival  noses  of  3.1-ccliber  radius  showed  a  decrease  in 
penetration  of  less  than  6  per  cent.  The  blunt-nosed 
projectiles  were  stable  in  motion  at  higher  striking  ve¬ 
locities  titan  were  the  sharp-nosed  projectiles,  and  the 
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lateral  offset*  of  the  blu<rt~no**d  projectile*  were 
smaller. 

Very  few  of  the  projectile*  of  different  mss*  were 
fired  into  the  loam  target  The  results  were  similar  to 
those  found  in  sand,  but  the  small  quantity  of  data  do 
not  allow  deceits  conclusions. 

The  JHhctliber  ball  M2  Service  bullets  were  fired 
into  loom  soil  at  velocities  varying  from  1,000  to 
2,700  fps.  Only  a  few  rounds  were  fired,  but  tho  re¬ 
sults  were  similar  to  the  results  in  sand,  with  the 
jackets  stripping  from  the  cores  at  velocities  above 
about  2,200  fpa. 

Penetration  Tula  in  Clay.  Penetration  testa  in  rich 
plastic  clay  were  made  by  firing  the  various  types  of 
projectiles  into  a  mound  of  clay  having  a  smooth  ver¬ 
tical  face  on  the  aiming  side.  The  crctcrs  remained 
open  after  the  penetration  and  it  was  possible  to  trace 
the  complete  trajectory  of  each  Tound.  The  blunt- 
nosed  projectiles  were  usually  stable  in  motion  in  clay, 
traveling  for  almost  the  entire  length  of  the  trajectory 
before  toppling.  The  shaip-nosed  projectiles  toppled 
and  moved  sidewise  through  the  clay. 

The  difference  in  penetration  depth  for  the  projec¬ 
tiles  having  different  nose  shapes  was  very  pronounced 
in  clay.  Compared  with  the  projectile  having  an  ogival 
nose  of  1.5-caliber  radius,  the  fiht-noseu  projectiles  of 
the  same  mass  penetrated  60  per  cent  farther,  the 
hemispherical-nosed  projectiles  penetrated  about  16 
per  cent  farther,  and  the  ogival  projectiles  haviug  an 
ogive  radius  of  3.1  calibers  shrwed  a  decrease  of  about 
6  per  cent  in  penetration. 

Projectiles  having  differed;  me:,  but  the  same  nose 
shape  showed  different  penetrati'  *;a,  *ha  light  projec¬ 
tiles  penetrating  to  smaller  depi.  v  when  fired  at  tho 
same  velocity.  Only  a  fow  very  projectiles  were 
fired,  and  the  light  projectiles  having  ogival  nose 
ohapo  of  1.5-catiber  radius  were  unstable  and  showed 
wide  variations  in  penetration,  so  that  so  exact  ooa- 
clmdone  can  he  drawn  from  tho  data  for  projectiles  of 
this  shape  and  of  different  masses.  The  Va-iu.  spheres 
had  a  mass  27  per  cent  of  tio  mass  of  tho  projectiles 
with  hemispherical  noacs  and  penetrated  about  68  per 
cent  as  far  at  these  projectiles. 

A  uumbor  of  .50-caliber  ball  M2  Service  bullets  were 
fired  into  the  plastic  clay.  Nouo  of  tho  jackets  was 
stripped. 

No  tests  were  mado  using  clay  targets  of  different 
compaction.  An  attempt  was  mads  to  test  tho  penetra¬ 
tion  resistance  of  dried  powdered  clay  but  this  was  not 
successful. 


PmrCiiunoH  Test* 

Testa  wore  made  using  parapets  built  of  soil,  with 
sloping  fro  it  and  back  face*.  These  parapets  were 
tested  by  repeated  fire,  using  .50-caliber  ball  M2  Server-" 
ice  oul'cta,  and  the  number  of  rounds  required  to  peri 
forate  parapets  of  various  sizes  was  determined.  No 
chronograph  was  used,  the  velocities  being  determined 
from  s  calibration  of  the  gun  in  terms  of  the  powder 
charge.  It  was  found  that  parapets  with  sides  sloping 
one  vertically  on  one  and  one-half  horizontally  were 
not  good  protection  except  for  impact  more  than  12 
in.  (24  calibers)  below  the  top  of  the  soil;  projectiles 
striking  nearer  the  top  curved  upward  and  came  out 
of  the  top  of  the  parapet. 

A  cover  of  tarpaulin  or  similar  material,  stretched 
tightly  over  the  top  of  the  parapet  and  anchored  to  the 
base,  increases  the  resistance  to  perforation  by  re¬ 
peated-fire  attack.  The  increase  in  protection  varies 
with  different  soils  and  is  greater  for  dry  soils  than 
for  wet  soils. 

Perforation  of  Sand  in  Bags.  Sand  bags  were  simu¬ 
lated  by  building  a  box  with  two  cloth  sides  and  filling 
it  with  sand.  Tho  box  was  tapered,  being  thicker  at 
one  end  than  at  the  other,  so  that  different  thicknesses 
of  sand  could  be  tested.  It  waa  found  that  the  cloth 
held  the  sand  in  place  and  thus  caused  an  increase  in 
resistance  to  motion  of  the  projeculo  and  of  the  mast 
of  sand  around  the  projectile.  Bounds  fired  at  veloci¬ 
ties  just  below  the  perforation  limit  volocity  caused  a 
very  tight  packing  of  tho  Band  agaiuat  the  rear  cloth 
face.  Bounds  fired  at  slightly  greater  velocities  per¬ 
forated  tho  targot  and  ripped  a  hole  several  inches  in 
diameter  in  the  back  cloth  face ;  sand  was  ejected  from 
the  back  of  the  target  with  sufficient  velocity  to  cause 
a  sandblasting  effect  on  lumber  4  or  5  it  away. 

The  thickness  of  sand  between  two  cloth  faces 
needed  for  protection  is  tho  same  or  slightly  less  than 
the  depth  of  penetration  of  tho  projectile  into  the 
same  sand  with  no  confinement.  Tightly  packed  sand 
gives  much  more  protection  than  the  same  thickness 
of  loose  sand,  and  moist  sand  is  slightly  better  than 
dry  material. 

Composite  Targets.  A  number  of  testa  were  mado 
by  firing  vertically  downward  onto  concreto  slabs  cov¬ 
ered  with  loam  soil.  Concrete  slabs  V/a,  3,  and  4Va  in. 
thick  were  used  and  various  tlucknr  uses  of  soil  were 
placed  on  top  of  the  different  slabs.  The  .GO-caliber 
solid  steel  projectiles  were  used  in  all  tests,  and  the 
striking  volocity  of  each  round  was  measured.  The  re¬ 
sults  have  been  reported  to  the  Chief  of  Engineers, 
TJ.  3.  Army.4 
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,JJ  Penetration  by  Bombs 

Many  measurements  of  depths  of  penetration  of 
bombs  into  soils  here  been  mode.  These  dots  bon  usu- 
oily  been  obtained  by  probing  into  the  crater  and 
there  is  no  way  of  knowing  whether  the  probe  was 
stopped  by  the  nose,  tail,  or  tail  fins  of  the  bomb,  or 
by  a  large  rock.  Bomba  usually  take  a  J -shaped  tra¬ 
jectory  under  ground,  curving  forward  in  the  direction 
of  tho  line  of  bight  of  the  aircraft  If  the  curvature  is 
great  a  probe  will  not  follow  the  path  to  the  base  of 
the  bomb  and  the  trajectory-  and  penetration-path 
length  cannot  be  measured  without  excavation.  British 
measurements  of  bomb  trajectories  in  chalk  have  been 
reported  and  show  typical  underground  paths.* 

l’ubKuhed  compilations  of  bomb  penetration  data 
should  1.9  consulted  for  additional  information.**'  In 
using  *hese  compilations,  care  must  be  used  in  com¬ 
paring  the  results  of  measurements  made  by  different 
methods  and  in  comparing  penetrations  into  soils  that 
aro  not  completely  described. 

*•»•»  Penetration  by  Large-Caliber 
Projectiles 

There  is  very  little  reliable  data  on  the  penetration 
of  lurgc-caliber  projectiles  into  soils.  The  experimental 
methods  are  difficult  because  the  underground  trajec¬ 
tories  of  large  artillery  projectiles  are  so  long  that 
considerable  excavation  ia  necessary.  If  small  projec¬ 
tiles  are  used  to  minimize  the  difficulties  of  excavation 
the  projectiles  may  be  moved  or  lost  with  consequent 
lota  of  data.  Furthermore,  it  is  not  known  whether  or 
not  there  exists  a  scale  effect  that  may  impair  the  re¬ 
liability  of  predictions  based  ou  small-scale  tests. 

Some  data  on  penetration  of  large  projectiles  have 
been  recorded.*'*  Moat  of  the  information  on  penetra¬ 
tion  by  large-caliber  projectiles  into  soils  is  baaed  on 
tho  extrapolation  of  email-scale  experiments  conduct¬ 
ed  os  described  in  Section  9.3.1.  The  available  data 
on  penetration  by  large  projectiles  and  bomba  must  be 
used  to  confirm  the  methods  of  extrapolation, 

*•*•*  Penetration  by  Rocket  Projectiles 

Socket  projectiles  perform  in  tho  same  way  as  other 
projectiles  in  penetration,  with  the  possible  exception 
of  different  stability  due  to  the  long  body.  Many  pres¬ 
ent  rockets  are  simply  modifications  of  ordinary  pro¬ 
jectiles  with  rocket  motors  attached. 

Experimental  work  on  penetration  of  rocket  projec¬ 
tiles  into  noil  is  described  in  Volume  1  of  the  Sum¬ 
mary  Technical  Bcport  of  Division  3,  NDEC.  These 


experiments  show  that  control  of  underground  motion 
can  be  achieved  by  properly  shaping  the  noee  of  the 
rocket 

« 

M  RESULTS  OF  TESTS 

No  complete  theoretical  treatment  of  penetration 
into  soils  hoi  been  developed.  The  experimental  work 
using  projectiles  having  the  some  boss  shape  and  dif¬ 
ferent  masses,  described,  in  Section  9.3.1,  ehovre  that 
the  penetration  of  these  projectiles  at  a  given  velocity 
is  not  proportional  to  the  mast  of  the  projectile.  Thnn 
soil  penetration  does  not  follow  a  relation  based  on  a 
sectional-pressure  theory  (tee  Chapter  7).  If  penetra¬ 
tion  is  not  directly  proportional  to  the  mass  of  the 
projectile,  the  obvious  conclusion  is  that  the  resistance 
to  motion  ia  not  dependent  on  th3  velocity  alone  but 
must  also  depend  on  depth.  This  might  be  expected 
for  soils,  sines  the  compaction  increases  along  tho 
path. 

Empirical  relations  between  the  striking  velocity, 
projectile  mass,  projectile  nose  shape,  type  of  soil,  and 
length  of  penetration  path  have  been  devised  and  or* 
presented  graphically  in  Data  Sheets  2A2*  and  3A2a. 
of  Chapter  19. 

*-u  Dependence  of  Penetration  on 

Striking  Velocity 

The  dependence  of  the  length  of  the  penetration 
path  in  soil  on  the  atriking  velocity  of  the  miaaile  ia 
given  graphically  in  Data  Sheet  2A2*.  No  analytical 
expression  tor  these  empirical  curvet  baa  been  found. 
The  dependence  of  the  penetration  path  length  on  the 
velocity  is  different  for  each  soil  and  for  each  projec¬ 
tile  shape  in  tho  same  soil,  and  the  difference!  cannot 
be  treated  by  simple  multiplicative  factor*. 

*•*■*  Dependence  of  Penetration  on 

Projectile  Mass 

The  small-caliber  penetration  duta  desc,..>ed  in  Sec¬ 
tion  9.3.1  show  that  the  penotrotion-patb  length  is  not 
directly  proportional  to  the  projectile  mass.  An  analy¬ 
sis  of  the  penetration  data  for  projectiles  having  the 
same  shape  and  different  masses  shows  that  the  pene¬ 
tration  is  proportional  to  a  power  of  the  maaa  between 
0.25  and  0.40.  The  valne  Vs  gives  a  good  fit  to  tho 
data  and  one  then  obtains  .* 

*  =  Wif(v), 

"  3  =  (!)«*>•  <>> 

where  x  ia  the  penetration-path  length  in  in.,  d  is  thw 
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projectile  diameter  (or  caliber)  in  im,  W  U  tha  pro¬ 
jectile  weight  in  IK  and  /(*)  U  the  function  express 
isg  the  dependence  of  penetration  on  velocity. 

The  email  amount  of  data  for  penetration  of  large* 
caliber  projectiles  into  aoila  and  the  available  data  for 
penetration  of  bomba  into  aoila  have  alao  been  atndied 
and  have  been  found  to  bo  in  agreement  with  equation 
(1).  The  value  of  the  exponent  of  the  weight  haa  not 
been  determined  with  great  accuracy,  largely  due  to 
the  ecatter  in  the  available  data.  The  value  %  fits  the 
data  well  enough  to  allow  penetration  predictiona  hav¬ 
ing  an  accuracy  of  ±20  per  cent. 

Equation  (1)  ia  conai  dared  reliable  for  projectilea 
having  caliber  denaitiee  W/<P  between  0.1&  and  0.68 
lb  per  cu  in.  Thia  equation  muat  be  used  with  the 
curves  given  on  Data  Sheet  2A2*  of  Chapter  19  which 
give  /(v)  aa  a  function  >"*  uie  striking  velocity  v.  For 
aoila  having  compositions  differing  from  those  listed 
on  the  data  sheet,  and  for  projectilea  of  other  nose 
shapes,  one  muat  interpolate  between  the  curvet. 

*  u  Dependence  of  Penetration  on 
Projectile  Nose  Shape 
The  curvet  given  in  Data  Sheet  2A2*  of  Chapter 
IS  show  the  different  dependence  of  penetration  on 
itriking  velocity  for  projectiles  of  three  noae  shapes. 
The  penetration  is  always  greater  for  blunt-nosed  pro* 
jectilea  since  these  show  less  tendency  to  topple  and 
therefore  vaually  have  str&ighter  underground  trajec* 
tones  than  do  sharp-nosed  projectiles. 

*•*■*  Shape  of  Underground  Trajectory 
Most  projectilea  and  bomba  have  curved  under¬ 
ground  trajectories,  so  that  the  final  depth  of  pene¬ 
tration  it  less  than  the  length  of  the  pauetration  path. 
For  striking  obliquitiee  of  30  degrees  or  less,  measured 
from  tho  normal  to  the  surface,  the  underground  tra¬ 
jectory  of  bomba  ia  auch  that  the  final  depth  below  the 
surface  ie  70  to  00  per  cent  of  the  penetration-path 
length.  For  striking  obliquities  greater  than  GS  or  70 
dogreea  from  the  normal  to  the  surface,  the  missile  is 
likely  h  have  a  very  short  underground  trajectory 
and  to  ricochet.  For  intermediate  obliquities  the  pene¬ 
tration  ia  usually  ahallow  with  a  large  forward  offset. 

Very  little  ia  known  about  tho  magnitude  of  the 
offset  of  bomba  in  underground  travel  except  that  this 
offset,  the  tail  of  the  J -shaped  trajectory,  is  generally 
In  the  direction  of  flight  of  the  aircraft  dropping  the 
bomb.  A  graphical  representation  of  a  number  cf  ob¬ 
served  offsets  ia  given  in  a  British  study  of  bomb  pene¬ 
tration.11 


Bomba  and  projectiles  itriking  bard  or  resistant 
layers  of  ao3  are  usually  deflected.  If  a  bomb  itriksa  . 
a  horiaoutal  layer  of  rock  or  other  resistant  material 
near  the  end  of  its  normal  underground  trajectory,  it 
will  tend  to  travel  along  the  hard  surface. 

m  Perforation  of  Soil  Parapet* 

Soil  parapets  need  for  protection  should  be  bnQt 
with  aides  haring  a  slope  no  greater  than  1  on  1%  to 
insure  against  slipping  when  struck  by  projectilea. 
For  protection  against  tingle  hits,  the  thickness  along 
the  line  of  fire  should  be  at  least  three  timaa  the  ex- 
pected  penetration-path  'ength  in  a  largo  maae  of  the 
same  soil,  and  to  resist  repeated  fire  of  10  hits  dope 
together  the  thickness  along  the  line  of  fire  ahould  be 
about  five  times  the  expected  penetration-path  length 
of  a  single  hit.  The  addition  of  a  tarpaulin  stretched 
tightly  over  the  surface  of  the  parapet  and  anchored 
to  the  base  will  increase  the  protective  value.  Foe  .50- 
caliber  bullets  adequate  protection  is  not  provided 
except  for  levels  12  in.  or  more  below  the  top  of  the 
soil  because  the  bulleta  curve  upward  and  come  out  of 
the  top  with  appreciable  residual  velocity.  No  infor¬ 
mation  ia  available  on  the  distance  below  the  top  for 
protection  against  larger  projectilea. 

IU  Perforation  of  Sand  in  Baga 

Sand  in  bags  ia  a  good  material  for  stopping  small- 
caliber  bullets.  The  sand  should  bo  very  tightly  packed 
in  the  bogs,  and  the  protection  is  better  if  the  material 
is  moist  Sand  parapets  ahould  be  built  so  that  the 
thickness  is  at  least  aa  great  aa  the  expected  pentra- 
tion  of  the  attacking  weapon  into  a  large  maas  of  the 
same  sand  with  no  confinement 

9X1  Perforation  of  Composite  Targets  of 
Concrete  and  Soil 

Composite  targets  of  concrete  and  soil  should  al¬ 
ways  be  constructed  with  the  soil  on  the  attacker's 
side.  If  the  concrete  has  Q  per  cent  of  the  thickness 
needed  for  protection  with  no  soil  cover,  then  soil 
having  a  thickness  of  100  —  Q  per  cent  of  the  pene¬ 
tration-path  length  to  be  expected  in  a  large  mass  of 
the  same  soil  should  be  used  to  provide  adequate  pro¬ 
tection.  If  the  protection  is  against  bombs  or  projec¬ 
tiles  having  striking  velocities  below  1,000  fpe,  the 
thickness  of  the  soil  should  be  about  25  per  cent 
greater.  If  the  protection  is  against  high-velocity 
weapons  the  soil  thickness  may  be  slightly  less. 

If  the  thickness  of  soil  cover  over  concrete  la  great 
enough  to  Tetain  the  projectile,  there  is  always  the 
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possibility  of  a  tamped  side-on  explosion  of  a  delay- 
fused  projectile  that  fails  to  perforate  the  concrete. 
(See  Chapter  3  for  discussion  of  explosions  in  earth.) 

1U  Model  Testa  of  Soil  Penetration 

Much  valuable  information  on  penetration  into  aoile 
can  be  obtained  by  model  testing.  Equation  (1)  and 
the  curvet  of  Data  Sheet  2A2*  of  Chapter  19  indicate 
that  for  model  tests  of  penetration  into  eoila  the  model 
projectiles  must  he  feonetrically  similar  to  the  pro¬ 
totype  and  of  the  same  density.  Comparison  of  data 
for  bomba  and  'jr  small-caliber  projectiles  indicates 
that  i'.  the  soil  particles  are  small  compared  with  the 
projectile,  scaling  of  the  soil  is  not  necessary.  No  in¬ 
vestigation  has  been  made  of  the  effect  of  overburden 
,a  a  soil  on  penetration.  This  may  be  important  in 
small-scale  studies  of  deep  penetrations. 

«•»  THEORIES  OF  PENETRATION 
INTO  SOILS 

A  number  of  theories  have  been  suggested  to  repre¬ 
sent  the  performance  of  projectiles  penetrating  re- 
uisting  mediums.  The  more  important  of  these  theo¬ 
ries  ore  reported  in  the  bibliography.*  (See  also 
Chapter  7  of  the  present  volume.) 

,Al  Sectional-Pnaaurc  Theories 

Moat  of  the  theories  suggested  for  penetration  into 
soil  are  bosed  on  the  assumption  that  the  pressure,  or 
force  per  unit  area,  resisting  the  projectile  motion  is 
dependent  on  the  velocity  of  the  micsile  and  not  de¬ 
pendant  on  the  depth  of  penetration.  This  assumption 
leads  to  the  conclusion  that  if  tho  target  characteris¬ 
tics,  striking  velocity,  and  projectile  shapo  are  held 
constant  the  fine!  depth  of  penetration  is  directly  pro¬ 
portional  to  the  sectional  pressure  (weight  divided  by 
cross-sectional  ares)  of  the  projectile.  Such  theories 
are  called  sectional-pressure  theories  and  predict  that 
for  projectiles  of  the  same  diameter  and  striking  ve¬ 
locity  hut  of  different  masses  the  penetrations  into  a 
given  target  should  be  directly  proportional  to  the 
masses  of  the  projectilca.  As  shown  in  Section  9.4.2, 
this  is  not  in  agreement  with  the  experimental  facts. 
This  indicates  that  penetration  into  soil  docs  not  fol¬ 
low  a  sectional-pressure  theory  and  that  the  force  re¬ 
sisting  the  motion  varies  with  depth. 

Penetration  into  soil  can  still  be  described  by  a 
sectional-pressure  theory  if  the  dependence  of  the  re¬ 
sisting  force  oa  depth  he  attributed  eutirely  to  tho 


increase  in  cross-sectional  area  presented  to  the  soil 
by  toppling  of  the  projectile,  the  resitting  force  being 
the  product  of  the  force  per  unit  area  which  ia  de¬ 
pendent  only  on  the  velocity  and  the  cross-sectional 
area  of  the  projectile  aa  presented  to  the  aoil,  which 
increases  aa  the  projectile  topples.  According  to  this 
hypothesis  the  penetration  of  sphere*  into  soils  should 
follow  a  simple  aectional-preaaure  theory  (since 
spheres  cannot  topple).  No  data  on  penetration  at 
spheres  of  different  densities  are  available,  and  no 
test  of  this  hypo  thesis  has  been  made. 

*■*•*  Sectional-Energy  Theories 

If  the  pressure  resisting  the  motion  of  a  projectile 
through  soil  depends  on  the  depth  of  penetration  and 
not  on  the  velocity  of  the  missile,  the  final  depth  of 
penetration  must  be  some  function  of  the  striking 
kinetic  energy  of  the  projectile  divided  by  its  crosa- 
scctionol  area.  Theories  based  on  this  assumption  are 
called  sectional-snsrgy  theories.  One  conclusion  from 
such  theories  is  that  for  projectilca  having  the  same 
shapo  and  diameter  the  final  depth  of  penetration  into 
a  given  target  must  bo  proportional  to  the  striking 
kinetic  energy  of  the  projectiles.  Comparison  of  the 
penetrations  of  projectiles  having  different  masses 
and  fired  at  velocities  such  that  the  striking  kinetic 
energy  will  be  the  same,  shows  that  penotration  into 
soils  does  not  follow  a  sectional-energy  theory.  It  ap¬ 
pears,  therefore,  that  tho  force  resisting  the  motion 
does  not  depend  on  the  depth  alone. 

Requirements  of  Penetration  Theory 
for  Soils 

A  satisfactory  theory  of  penetration  into  soils  must 
cover  the  instability  and  consequent  toppling  of  pro¬ 
jectiles.  The  resisting  pressure,  or  force  per  unit  area, 
may  depend  upon  the  velocity,  the  depth,  or  both.  In 
any  cose,  the  total  force  resisting  the  motion  is  the 
product  of  this  pressure  and  the  cross-sectional  area 
presented  to  the  soil  by  tho  projectile,  and  so  must 
increase  os  the  projectile  topples. 

In  Section  9.5.1  it  was  shown  that  the  pressure,  or 
force  per  unit  area,  resisting  the  projectile  motion  is 
not  dependent  on  the  velocity  of  tho  projectile  alone, 
and  in  Section  9.5.2  it  was  shown  that  this  pressure 
is  not  dependent  on  depth  atone.  One  may  expect  any 
satisfactory  theory  of  penetration  into  soils  to  include 
a  fore®  that  depends  upon  both  the  depth  of  penetra¬ 
tion  and  the  velocity  of  tho  missile  at  II  points  along 
tho  trajectory. 
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**  RECOMMENDATIONS  FOR 
FUTURE  WORK 

Since  burial  in  earth  ia  one  of  the  most  obvious 
protections  against  aerial  attack  was  being  used 
on  an  increasingly  large  scale  at  the  end  of  World  Wax 
H,  it  can  be  expected  to  be  one  o l  the  primary  de¬ 
fensive  devices  of  the  future.  The.  introduction  of  tha 
atomic  bomb  will  undoubtedly  accelerate  this  trend. 
While  present  knowledge  of  the  terminal  ballistics  of 
earth  ia  not  by  any  means  complete  it  u  probably  ade  • 
quate  in  most  respects  for  present  seeds,  or,  at  any 
rate,  is  consistent  with  the  state  of  hnr  pledge  in  com¬ 
parable  fields.  But  since  the  development  of  weapons 
and  of  defense  against  weapona  will  not  maintain  the 
status  quo  it  is  necessary  to  examine  present  knowl¬ 
edge  in  the  light  of  future  needs. 

The  following  possibilities  seem  important: 

1.  First-priority  targets,  such  as  command  and 
communications  centers,  shelters  tor  very  important 
personnel,  etc.,  may  be  at  very  great  depths,  possibly 
hundreds  of  feet;  other  important  targets,  including 
power  stations,  vital  manufacturing  plants,  stores  of 
weapons,  or  other  equipment,  will  also  be  buried.  The 
two  questions  that  will  arise  are:  Can  the  enemy's  pro¬ 
tection  bo  defeated  by  any  means?  Have  we  adequate 
protection  against  the  enemy's  weapons? 

2.  High-explosive  (as  contrasted  to  atomic)  weap¬ 
ons  will  continue  in  use.  No  doubt  these  may  be  larger 
aud  contain  a  more  powerful  explosive  than  present 
weapons  and  may  be  delivered  to  the  target  by  other 
means,  but  their  mode  of  action  will  be  no  different 
Such  weapons  may  be  capable  of  very  great  striking 
velocities  and  penetrations  greatly  exceeding  those 
now  possible. 

3.  Atomic  weapons  may  bo  designed  for  cieuting 
earth  shocK.  To  do  this  they  will  have  to  tie  able  to 
penetrate  to  very  great  depths  to  achieve  maximum 
efficiency.  The  mechanism  within  the  bomb  must  be 
able  to  withstand  the  resulting  deceleration  without 
cither  failure  or  premature  action. 

4.  The  fuses  used  with  high-explosive  weapons  of 
the  future  will  be  capable  of  finer  adjustment  than 
present  fuzes  in  order  to  cause  detonation  at  the  most 
desirable  point  of  an  underground  trajectory.  With 
deep  penetrations  this  will  be  an  important  con¬ 
sideration. 

5.  Bombing  accuracies  will  be  far  better  than  are 
now  possible.  On  this  account,  and  because  individual 
weapons  will  be  very  much  more  expensive  and  com¬ 
plex  iiian  are  present  bombs,  it  will  be  economical  to 


have  weapona  that  are  equipped  with  adjustments  for 
securing  optimum  performance  against  sperifio  tar¬ 
gets.  In  order  to  take  full  advantage  of  tha  potential¬ 
ities  of  future  weapona  it  must  be  possible  to  predict 
their  trajectory  and  behavior  before  exploding. 

On  account  of  the  probabilities  that  have  beets  men¬ 
tioned,  the  following  investigations  ought  to  be  made: 

1.  Penetrations  into  mediums  other  than  those  al¬ 
ready  studied,  such  u  gravel  and  soft  rock,  ought  to 
be  investigated.  It  is  probable  that  soft  earth  ia  an 
ex'  ‘erne  case,  in  that  penetration  in  it  ia  governed  by 
its  density  while  steel  and  concrete  are  equally  ex¬ 
treme  in  the  other  direction  in  that  penetration  fa  gov¬ 
erned  by  strength.  For  intermediate  materials,  such 
as  soft  rock,  both  strength  and  density  may  be  of  com¬ 
parable  importance.  Of  course,  the  striking  veloc¬ 
ities  must  cover  a  range  extending  far  above  those 
now  used. 

2.  The  time-distance  relation  during  penetration 
will  be  needed  for  accurate  fuzing  of  weapons.  This 
requires  cither  a  better  knowledge  of  the  mechanics 
of  penetration  than  we  now  have  or  a  large  number 
of  direct  measurements  of  the  time-distance  relation 
during  actual  penetrations.  Such  measurements  might 
bo  a  necessary  preliminary  to  the  development  of  a 
penetration  theory.  Again,  a  wide  range  of  striking 
velocities,  including  high  velocities,  must  be  used. 

3.  A  knowledge  of  the  forces  an<*  decelerations  of 
projectiles  ia  earth  and  soft  rock  is  needed.  A  pene¬ 
trating  weapon  must  have  a  case  strong  enough  to 
withstand  the  greatest  forces  acting  on  it  Ou  the  othor 
hand,  excessive  strength  is  generally  undesirable  sines 
it  reduces  the  ainouu  of  explosive.  Furthermore,  the 
fuzes  and  other  mechanisms  designed  to  operate  just 
prior  to  detonation  must  bo  ablo  to  withstand  the 
greatest  decolorations  to  which  they  are  subjected. 

<t.  The  stability  of  a  projectile  in  earth  ia  of  great 
importance.  Present  projectiles  tend  to  turn  sidewise 
during  penetration.  This  cffecl  is  generally  undeair- 
ublo  sin<o  it  reduces  the  total  penetration  consider¬ 
ably.  On  the  other  hand,  instability  may  sometimes  be 
desirable  for  limiting  penetrations.  Presumably,  in- 
utubility  depenus  on  the  density  of  the  medium  and  on 
the  weight  and  dimensions  of  the  projectile,  especially 
its  noso  shape.  It  is  known  from  small-scale  experi¬ 
ments  thut  blunt-nosed  weapona  are  the  more  stable. 
Htnldo  underwater  rockets  have  been  developed  and 
many  nre  found  to  be  stable  in  earth.  A  systematic 
study  of  this  problem  is  recommended  with  the  aim 
of  designing  weapons  of  maximum  stability. 
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8.  The  existence  of  a  scale  effect  should  be  tested, 
■bee  small-scale  experiments  ere  lex  more  economical 

than  large. 

6.  The  influence  of  gravity,  Le.,  of  the  earth  pres* 
aurea  doe  to  gravity  forces,  seeda  atudy  if  very  greet 
penetrations  ere  under  ooaai deration.  Under  normal 
penetrations,  gravity  pressures  are  ao  small  in  com  par- 
iaan  to  the  dynamic  forces  oppoaing  the  motion  at  e 


projectile  in  earth  that  only  the  latter  ere  important 
On  the  other  hand,  it  penetrationa  are  of  tha  order 
of  hand  rede  of  feet,  the  influence  of  the  static  earth 
pressure  may  be  considerable. 

7.  The  resistance  of  targets  composed  of  earth  in 
combination  with  other  materials,  especially  concrete, 
needs  study  at  large  scales  to  supplement  and  confirm 
the  results  of  the  small-scale  tests  that  have  been  mad*. 
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Chapter  10 

THE  FRANGIBLE  BULLET  FOR  USE  IN  AERIAL  GUNNERY  TRAINING 


INTRODUCTION 

Tux  uivttTUUTious  presented  here  ere  the  results’ 
of  an  attempt  to  solve  the  problem  of  training 
aerial  gunners  by  having  them  fire  live  ammunition 
at  an  attacking  pursuit  airplane,  thus  simulating  the 
conditions  of  combat  It  was  hoped  that  a  bullet  could 
be  found  that  would  be  able  to  withstand  the  stresses 
in  the  firing  process  but  be  defeated  by  relatively 
light  armor  and  therefore  be  suitable  for  use  in  a 
training  program.* 

The  project  had  its  initiation  in  tho  late  spring  of 
1942  and  was  carried  out  on  an  unofficial  basis  by 
Division  2  at  Princeton  and  Duke  Universities.  In 
March  1944,  the  project  was  brought  under  official 
NDRG  auspices  and  was  carried  on  under  a  contract 
(OEMsr-1284)  at  Duke  University  and  under  sub* 
contracts  with  the  Bak elite  Corporation  and  the 
American  Time  Products  Company. 

Many  of  jt  groups  contributed  significantly  to  the 
technical  and  organizational  aspects  of  the  project. 
These  included  tho  Frangible  Bullet  Project,  Laredo 
Army  Air  Field,  Laredo,  Texas;  the  Remington  Arms 
Company,  Bridgeport,  Connecticut;  the  Explosives 
Department,  JS.  I.  Du  ?out  de  Nemours  Company, 
Wilmington,  Delaware;  the  Air  Technical  Service 
Command,  A.A.F.,  Wright  Field,  Dayton,  Ohio;  the 
Ballistics  Research  Laboratory  [BRL],  Aberdeen 
Froving  Ground;  Frinkford  Arcenal  and  the  Phila- 
c riphia  Suboftico  cl  tire  Ordnance  Department ;  Opera¬ 
tions,  Cammitmcnts,  and  Requirements,  A.A.F.  Head¬ 
quarters,  and  Air  Ordnance  A.A.F.,  Washington, 
D.  C.;  the  Schnocka  Manufacturing  Company,  Evnns- 
viilc,  Indiana;  Eglin  Field  and  Buckingham  Fund, 
Florida,  and  the  Fort  Worth  Headquarters,  Training 
Command,  A.AJF. 

W4  FUNDAMENTAL  INVESTIGATIONS 

104.;  Tho  P'uatic  Bullet 

Aa  a  result  of  preliminary  vesta  carried  out  at  Duke 
aud  Princotou  Universities  under  Division  2,  in 
vliich  ceramics,  bnkelitcs,  glasses,  and  various  light 
metals  were  tried,  it  was  cont  uidcd  that.  &  bullet  con- 

•Pcrtlnent  w  Wsr  Department  Project  AC-73. 


listing  of  a  dense  material  in  *  plastic  hinder  might 
have  the  desired  qualities  of  tangibility  and  resistance 
to  firing  stresses. M  Arrangements  were  therefore 
made  with  the  Bakelite  Corporation  to  supply  molded 
materials  for  fabrication  into  bullets,  which  were  then 
tested  for  their  suitability.  The  testa  included  meas¬ 
urement  of  the  limit  impact  velocity  of  the  bullets 
against  a  given  target  metal,  their  ability  to  withstand 
loading  and  firing,  and  their  stability  in  flight  It  vu 
decided  that  a  composition  designated  aa  Bakelite  RD- 
42-93  and  consisting  of  200-mesh  lead  powder  in  a 
thermosetting  phenolic-resin  binder  waa  the  moat 
promising,  and  it  waa  therefore  adopted  for  the  pro¬ 
duction  of  a  frangible  bullet,  subsequently  called  the 
T44  bullet  by  the  Ordnance  Department  The  bullet 
produced  from  the  plastic  ia  approximately  of  the 
aamo  shape  aa  the  .80-caliber  M2  ball  bullet,  weighs 
6.95  ±  0.11  g  (1.07  dt  1.5  grains)  and  has  a  specific 
gravity  of  tt.93.  The  ballistic  tables  for  the  bullet 
were  determined  at  Aberdeen  Proving  Ground,  and 
the  ballistic  coefficient  on  the  basis  of  the  T44  Siacd 
functions  was  found  to  be  0.163.  The  bullet  may  be 
firod  through  a  Springfield  rifle  or  .30-calibcr  Brown¬ 
ing  AC  M2  machine  gun  with  a  muzzle  velocity  as 
high  as  2,400  fps  without  showing  signs  of  breakup 
or  damage.  The  limit  impact  velocity  of  the  T44  bul¬ 
let  against  14->n.  24ST  Dural  armor  plats  it  1,750  db 
20  fps  iu  comparison  with  1,390  da  20  fps  for  a  .30- 
calibcr  ball  bullet  reduced  to  the  mass  of  the  T44 
bullet.  It  waa  decided,  on  the  basis  of  the  requirements 
for  pilot  safety  involved  and  the  protection  that  could 
bo  afforded  by  the  permissible  weight  of  armor  on  tlxa 
fights.’  plauc,  that  a  muzzle  volocity  of  1,360  fpa  was 
allowable  for  the  T44  bullet.  Thia  gives  ballistic  per¬ 
formance  such  that  a  eight  can  bo  adjusted  so  that 
tho  leads  (on  a  reticle  diameter  basis)  required  of  tha 
student  gunner  can  be  mndo  practically  identical  with 
those  required  in  combat  with  .50-caliber  ammunition. 
The  maximum  practical  firing  range  for  tho  T44  bul¬ 
let  as  now  iu  use  is  about  700  yd  and  tha  maximum 
contact  range  ia  about  000  yd. 

A  number  of  variables  in  the  production  and  use 
of  the  frangible  bullets  have  been  studied.  It  has  been 
determined  thut  variations  in  tha  Uad-powder  filler 
do  not  produce  significant  variations  in  tha  limit  im- 
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pact  Telocity  of  tha  bullets  end  that  eonsiderabla 
variation  is  potsibls  in  tits  time,  temperature,  end 
pressure  during  the  molding  process  without  appre¬ 
ciably  affecting  the  resulting  bullet.  Similarly,  no 
significant  change  occurs  in  finished  ballets  subjected 
to  accelerated  aging  by  heat  or  cold  treatment  No 
difference  was  found  in  the  limit  impact  velocity  of 
bullets  fired  at  room  temperature  and  at  -MC 
against  armor  at  room  tempera  rare. 

On  impact  against  light  armor  tbs  frangible  bul¬ 
lets  break  into  fine  particles.  High-speed  motion  pic* 
tores  show  that  the  ballet  disintegrates  within  0l1* 
mate  after  impact  against  Dural  armor  at  a  velocity 
of  about  1,300  fpa. 

In  view  of  the  desirability  of  having  aa  broad  a 
basis  aa  possible  for  selection  of  the  type  of  frangible 
bullet  to  be  used  in  production,  experiments  for  this 
purpose  were  carried  out  at  the  Division  3  Ballistics 
Laboratory  at  Princeton  University,  in  addition  to 
those  carried  on  at  Duke  University.  The  Princeton 
laboratory  madt  velocity-loss  and  time-of-flight  meas¬ 
urements  for  six  types  of  .30-ca!iber  frangible  bul¬ 
lets  to  determine  their  suitability.  One  of  the  bullets 
tested  has  the  shape  of  .30-caliber  Ml 906  ball  and  ia 
similar  to  the  T44  bullet  in  current  use.  Only  one  of 
the  other  fire  bullets  tested  showed  s  drag  significantly 
leas  than  the  T44.  This  bullet,  which  had  a  secant 
ogive  and  boattail,  showed  a  marked  advantage  over 
the  T44  only  for  velocities  below  about  1,900  fpa. 
However,  this  ia  the  velocity  range  of  interest  since 
the  T44  is  fired  at  a  inutile  velocity  of  1,360  fpa  A 
determination  of  stability  factors  and  more  precise 
time-of-flight  measurements  over  longer  ranges  are 
necessary  to  indicate  more  clearly  whether  a  bullet  of 
this  *;pe  offers  a  distinct  advantage  over  tha  T44. 

The  Princeton  Ballistics  Laboratory  has  also  dona 
soma  preliminary  work  on  a  .60-caliber  frangible  bul¬ 
let  The  ballistic  coefficient  O,  of  this  bullet  was  found 
to  be  approximately  0.26,  which  would  give  an  accept¬ 
able  “match”  with  the  combat  case  for  types  of  attack 
other  than  pursuit  curve.  However,  data  obtained  for 
the  limit  impact  Telocity  of  the  .60-cnliber  bullet 
against  24ST  Dural  show  that  it  would  not  be  tale  to 
fire  this  ammunition  et  the  present  typa  of  armored 
target  planes  when  uaing  e  muxxle  velocity  u  high  as 
1,360  fpa. 

w44  The  Reduced-Range  Scheme 

The  problem  of  obtaining  hits  in  aerial  gunnery 
requires  solution  of  a  problem  Involving  three  vector! : 
the  bullet-velocity  vector,  tha  bomber-velocity  vector, 


end  the  fighter-velocity  vector.  By  suitable  reductions 
in  ell  three  vectors  a  reasonable  facsimile  of  oombet 
is  achieved.  The  limiting  factors  are  the  minimum 
speed  of  tha  bomber  end  the  amount  of  protection  that 
the  fighter  can  carry.  These  resulted  in  the  choice  of 
a  bullet  having  a  muxxle  velocity  of  1,860  fpa.  Beilis* 
ticaBy,  tha  training  bullet  should  match  the  .60  cal* 
[bar  API-U8  bullet,  now  need  in  combat,  as  nearly 
ea  possible 

Perfect  scaling  is  not  possible  because  of  the  epeed 
limitations  that  have  been  mentioned.  While  the 
trainer-bullet  velocity  ia  approximately  half  the  com* 
bat-bullet  velocity,  the  speed  of  the  bomber  can  be 
reduced  to  only  about  70  or  76  per  cent  of  its  combat 
speed.  Higher  trainer-bullet  speeds  would  be  poeaible 
only  with  heavier  target  protection.  The  lack  of  scal¬ 
ing  ia  compensated  for  by  changing  tha  tixe  of  the 
reticle  sight  ring  so  that  the  gunner's  leads  on  e 
“rad"  kaaii,  that  is.  In  terms  of  the  radius  of  the  sight 
ring,  are  the  same  in  training  u  in  combat 

waj  Armor 

Along  with  experiments  to  determine  e  bullet  euit* 
abla  for  eir-to-eir  firing,  certain  other  problems  asso¬ 
ciated  with  use  of  the  bullet  came  within  the  scope  of 
this  project  One  of  these  ia  the  ability  of  armor'*1’*-1** 
of  different  types  to  withstand  impact  of  the  frangible 
bullet  This  was  investigated  with  the  view  to  deter¬ 
mining  the  type  end  thickness  of  armor  necessary  to 
uoe  in  armoring  a  plane  to  protect  the  pilot  end  essen¬ 
tial  plane  parts.  Difforent  armor  plates  were  compared 
on  the  basis  of  their  limit  impact  velocities.*  Limit 
impact  velocities  at  normal  incidence  (90  degrees) 
were  obtained  for  all  piatea  and  at  other  angles  of 
incidence  for  some  plates,  since  certain  parts  of  the 
targot  plane  need  only  be  protected  from  Lite  by  bul¬ 
lets  striking  at  an  angle  of  45  degrees  or  less. 

Three  general  types  of  armor  ware  studied:  first. 
Dural  armor  plate  of  varloue  types  (thicknesses  1/16, 
3/32,  1/8,  8/16,  1/4,  6/16,  8/8,  1/2,  and  8/4  in.)  j 
second,  steel  armor  manufactured  by  the  Jessop  Steel 
Company  (thicknesses  8/32,  1/8,  5/33,  and  3/16  in.)  ; 
and  third,  Dorun,  which  consists  of  laminated  layers  of 
closely  woven  fiber  glass  bonded  with  plastic  (thick¬ 
nesses  of  8/64,  13/64,  and  26/64  in.). 

Of  the  Dural  plates  tested,  Alcoa  24ST  and  Rey¬ 
nold*  .301T  were  found  to  be  the  only  types  that  coaid 

kTh*  velocity  of  the  bullet  that  damage*  a  teat  plate 
lufficleatly  to  produce  a  Matter  pattern  of  6  to  10  fine 
perforation!  on  a  sheet  of  80-lb  drug  bond  paper  fi  to  8  in. 
behind  the  target. 
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be  used  efficiently  in  srmorirg  %  target  plana  in  tenna 
of  protaction  afforded  and  weight  of  metaL 

Bare  24ST  Dural  piata  ia  auparior  to  Aided  plate 
ot  equal  thickness.  It  *u  alao  found  that,  within  lim¬ 
its,  higher-atrength  material*,  a*  meaaured  bj  static- 
teatisg  procedure*,  are  auperior  to  thoaa  of  lower 
strength.  Preliminary  teat*  indicate  that  multiple* 
thickneaa  armor  ia  alightly  lcsa  effect!  t«  than  a  angle 
sheet  of  com  parable  thickneaa.  Low  temperature 
(—60  C)  increaaea  the  limit  impact  velocity  of  14* 
in.  24ST  Dural  by  about  60  fpe  for  the  .30-caliber 
bullet  T44,  although  the  armor  appeara  to  become 
aomewhat  more  brittle.  Temperature  cycling  haa  no 
perceptible  effect  on  timit  impact  velocities.  Expuri- 
menta  on  firing  more  than  one  ahot  at  the  tame  aroa 
of  armor  indicate  that  several  tingle  ahote  fired  in 
alow  sequence  et  armor  known  to  resist  one  cuch  ahot 
do  relatively  little  more  damage  than  ona  shot,  bat  a 
machine-gun  buret  of  an  equal  or  reduced  number  of 
shota  hitting  the  name  apot  may  perforate  the  amor. 

The  Jessop  steal  armor  ia  more  resistant,  on  a 
weight  for  weight  basis,  than  the  24ST  Dural  amor 
in  thicknesses  of  Dural  greater  then  0.350  in.  In 
lower  thicknesses,  the  Durai  is  more  effective. 

The  limit  imped  velocity  of  %-in.  Doron  is  about 
the  same  as  that  of  Vfc-in.  24ST  Dural  piata.  However, 
the  damage  inflicted  on  Doron  by  imped  of  bullets 
ia  so  great  that  the  maintenance  problem  involved 
in  using  such  material  iu  armoring  a  plane  prohibits 
its  use. 

Experiments  with  6-ply  l%4-in.  raultiplate  glass 
of  the  type  uaed  around  the  cockpit  of  the  target  air¬ 
plane  showed  that  this  provides  adequate  protection 
against  the  T44  round,  aince  the  limit  impact  velocity 
of  such  glaaa  ia  above  1,000  fpa.  The  second  of  two 
shots  hitting  the  eame  small  area  of  the  plate  with  a 
velocity  of  approximately  1,650  fpe  can  perforate  the 
glue,  hut  will  not  do  so  if  the  shots  hit  as  much  as 
1%  in.  apart  A  sheet  of  Plexiglas  back  of  5-ply 
1%3-ln.  multiple  glass  increases  its  limit  impact 
velocity,  at  previously  defined,  by  about  300  fpe. 

10x1  Propellant 

One  of  the  difficulties  experienced  with  the  T44 
round  as  loaded  in  a  .30-cal.oor  III  case  was  the  pro¬ 
curement  of  a  satisfactorily  functioning  propel- 
l*ntiM,w  With  the  relatively  low  muzzle  velocity  of 
the  round  (1,360  fpe)  only  a  small  powder  charge 
(ot  the  order  of  0.80  to  0.95  g)  ia  used,  and  because 
ot  the  considerable  air  space,  relatively  low  pressures 
prevail  during  the  burning  ot  the  powder. 


The  primary  requirements  of  a  propellant  suitable 
for  use  with  the  T44  ballet  were  found  to  be  (1)  that 
it  hart  low  position  sensitivity  (as  regards  ita  loca¬ 
tion  in  tha  case  with  respect  to  the  primer  location), 
(2)  that  it  burn  relatively  completely,  and  (8)  that 
in  firing  tha  round  tha  modified  machine  gun  func¬ 
tion  properly.  The  potation  sensitivity  and  approxi¬ 
mate  amount  at  unbamed  powder  remaining  after 
firing  ware  determined  for  a  number  of  different  Her¬ 
cules  and  DuPont  powders.  It  was  found  that  the 
small-grain  fast-burning  powders  leave  little  un¬ 
turned  powder  in  the  gun,  but  that  tha  muzal*  veloc¬ 
ity  obtained  with  them  la  quite  sensitive  to  the 
position  of  tha  powder  in  the  com,  whereas  the  large- 
grain  longer-burning  powders  leave  considerable 
unburned  powder  in  the  gun  but  are  relatively  posi¬ 
tion  insensitive.  Tha  teats  indicate  that  the  require¬ 
ments  of  low  position  sensitivity,  proper  gun  function¬ 
ing,  and  small  unburned  residue  are  incompatible  in 
the  round  aa  uaed  at  present  and  that  soma  compro¬ 
mise  must  be  made.  It  was  felt  that,  in  tha  light  of 
these  requirements,  DuPont  No.  4769  powder  was 
the  beat  of  thoaa  tested. 

Since  a  wide  range  of  temperatures,  varying  from 
room  temperature  to  approximately  —  60  C  are  en¬ 
countered  in  the  use  ot  the  T44  round,  the  average 
muxxle  velocity  was  determined  for  nine  production 
lots  of  T44  rounds  at  25,  0,  and  —50  G.  The  average 
temperature  coefficient  between  0  and  25  C  for  the 
eight  lota  loaded  by  the  Western  Cartridge  Company 
and  St.  Louis  Ordnance  Plant  ia  about  4.5  fpa  per 
degree  centigrade.  This  value  is  considerably  higher 
than  that  ot  the  one  lot  from  the  Frankford  Arsenal 
(temperature  coefficient  =*  2.8  fpa  per  degree  cen¬ 
tigrade). 

In  firing  the  T44  production  rounds,  it  was  found 
that  the  standard  deviation  of  tha  average  muss!* 
velocity  was  frequently  greater  than  tha  acceptable 
standard  deviation  of  30  fpa.  One  of  the  faotora  that 
might  contribute  to  the  deviation  was  tha  variation  in 
moisture  content  ot  DuPont  No.  4759  powder.  Since 
little  information  was  available  on  tha  effect  of  mois¬ 
ture  on  this  particular  powder,  experiments  were  car¬ 
ried  out  to  determine  (1)  the  effect  of  exposure  to 
constant  relative  humidities  on  the  weight  of  powder 
and  (2)  the  muzzle  velocity  obtained  with  powder 
conditioned  at  different  relative  humidities.  It  was 
found  that  tor  powder  conditioned  two  day*  at  a 
relative  humidity  of  70  per  cent  subsequent  condi¬ 
tioning  at  85  per  cent  relative  humidity  increases  the 
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weight  of  the  powder  approximately  0.15  per  cent  limit  of  the  redaction  factor  ia  set  bj  the  loveet  speed 
Firing  tests  show  that  the  avenge  mania  Telocity  at  which  it  is  practical  for  tits  bomber  to  ly.  It  is 


may  be  expected  to  decrease  about  9.2  fpe  per  0.10 
par  cent  increase  in  moisture  content  of  the  powder. 

tax  MODIFICATIONS  OF  PLANS  AND 
ACCESSORY  EQUIPMENT 

““  The  Machine  Gun 

The  regular  .30-caliber  AC  MS  machino  gun  will  not 
function  as  an  ante  mm  tic  weapon*-*-*-*1'1*  whan  the 
T44  round  ia  fired  through  it  with  a  muaale  velocity 
of  1,360  fpe,  since  the  momentum  and  munis  blast 
are  considerably  smaller  than  that  of  the  standard  .30- 
caliber  round.  In  view  of  this,  two  modifications  of 
the  gun  were  made,  one  of  which  (the  piston  gun) 
has  been  found  satisfactory  under  experimental  field 
conditions. 

In  the  piston  gun,  the  muxale  blast  is  trapped  in  a 
cylinder-piston  assembly  and  the  pressure  developed 
give*  the  barrel  and  associated  ports  the  required 
energy  for  automatic  operation.  The  rate  of  fire  of  Qu 
piston  gun  is  influenced  by  the  type  of  nctxle  on  the 
gun,  but  the  rate  docs  not  vary  significantly  for  tmaD 
variations  in  powder  charge.  The  diapereiou  of  shots 
on  a  ground  target  is  considerably  less  with  the  modi¬ 
fied  piston  gun  and  T44  round  than  with  tha  .50- 
caliber  machine  gun  and  .60-caliber  ammunition. 
However,  comparable  diepersiou  occurs  in  air-to-air 
firing. 

Comparison  of  average  muzzle  velocities  of  rounds 
fired  through  new  and  used  barrels  showed  that  there 
was  no  significant  variation  in  the  average  uuxxle 
velocity  duo  to  difference  in  barrels 

The  Plane 

The  solution  to  the  problem  of  firing  live  ammuni¬ 
tion  at  a  leal  airplane*  must  involve  a  compromise 
between  the  weight  of  the  armor  that  can  be  put  on 
the  target  plane  and  the  limit  impact  velocity  of  the 
bullet  used  ag&insl  such  armor.  Therefore,  the  de¬ 
cision  as  to  the  weight  and  velocity  of  the  bullet  and 
the  armoring  of  the  airplane  bad  to  be  considered 
simultaneously. 

Aa  a  first  approximation,  successful  serial  gunnery 
requires  tho  proper  solution  of  a  sighting  problem  in¬ 
volving  the  bullet-velocity  vector,  the  bomber-velocity 
vector,  and  the  fighter-velocity  vector.  It  appears  that 
a  reasonable  facsimile  of  combat  can  be  obtained  by 
proper  scaling  or  reduction  of  all  these  vectors.  The 


necessary  also  to  consider  tha  additional  weight  ef 
armor  permissible  on  the  fighter  plane.  Finally,  the 
matching  conditions  between  combat  and  training 
conditions  require  a  bullet  with  aa  high  a  ballistic 
coefflcieBt  at  ptartitwhlo 

In  general,  the  most  important  type  of  attack  front 
the  standpoint  of  training  ia  the  pursuit-curve  ap¬ 
proach  of  tho  fighter.  In  each  an  attack,  if  firing  ia 
excluded  during  and  after  the  breakaway,  the  sections 
of  immediate  vulnerability  are  those  surfaces  that  are 
visible  from  a  cone  defined  by  e  solid  angle  of  It  de¬ 
gree#  and  centered  along  the  line  of  flight  of  the  air¬ 
plane.  The  first  two  types  of  target  planes  were 
armored  for  use  solely  with  pursuit-curve  attacks.  The 
first  consideration  wu  always  the  complete  protection 
of  the  pitot  compartment  and  the  most  vulnerable 
parte  of  the  airplane.  A  secondary  consideration  waa 
the  limitation  of  damage  to  a  minimum. 

Three  types  of  target  airplanes  have  been  produced 
to  date.  The  first  waa  an  A-20  airplane  armored  under 
the  supervision  of  the  Aircraft  Laboratory,  ATSO, 
Wright  Field.  Tha  last  two  types  are  modified  P-63 
airplanes  produced  by  Bell  Aircraft  Corporation  and 
designated  at  BP-23-C  and  BP-63-G.  The  last  type  bf 
airplane  (BP-63-Q)  waa  armored  so  as  to  be  usable  for 
other  than  near  pursuit-curve  approaches  in  training 
and  also  to  allow  for  the  possible  higher  impact  veloci¬ 
ties  in  the  B-89  training  program.  It  is  not  contem¬ 
plated,  however,  that  continued  fire  will  be  directed 
against  the  armored  airplane  from  any  angle  other 
than  those  involved  in  pursuit-curve  or  near  pursuit- 
curve  approaches. 

The  only  difficulty  of  significance  that  Laa  arisen 
in  connection  with  the  armor  protection  is  an  occa¬ 
sional  failure  of  the  cooling  duct  louvers  on  the  RP-68 
type  airplane  to  afford  adequate  protection  for  the 
radiator  located  behind  the  louvers.  A  new  louver  hea 
been  designed  which  presumably  will  solve  this  prob¬ 
lem.  In  general,  it  has  not  been  necessary  in  field  prac¬ 
tice  to  replace  any  piece  of  armor  because  of  excessive 
damage  on  surfaces  where  complete  protection  was 
intended.  Aa  far  as  it  known  only  three  piece*  of  1- 
in.  bullet-resistant  glass  have  been  replaced  becauaa 
of  bullet  damage. 

The  Hit  Indicator 

An  essential  feature  of  the  target  airplane  is  a  bit- 
indicator*  system.  The  primary  features  of  the  sys¬ 
tem  used  are  as  follow!: 
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1.  An  impulse  pickup  placed  on  the  armor  platea 
so  that  an  electric  impulse  ia  developed  bj  the  gauga 
when  the  plate  ia  (truck 

9.  An  amplifier  unit  b y  means  of  which  the  gen* 
orated  signal  ia  amplified. 

A  A  thyratron-coa  trolled  trigger  circuit  and  asso¬ 
ciated  counter,  relay,  end  lamp*  for  signaling  to  a 
gunner  when  a  hit  has  been  made  and  allowing  scor¬ 
ing  of  such  hits. 

The  installation  used  in  the  BP-63-C  target  air¬ 
planes  was  furnished,  with  the  exception  of  the  wiring 
of  airplane  and  signal  lamp,  by  the  Sperry  Gyroscope 
Company.  The  gunner  signal  lamp  is  mounted  in  the 
cannon  tube  aid  may  be  seen  easily  within  a  cone  of 
solid  angle  of  about  30  degrees  centered  about  the  long 
axis  of  the  airplane. 

The  functioning  of  this  installation  was  somewhat 
unreliable  because  of  spurious  triggering  and  difficulty 
in  proper  adjustment  of  the  time-delay  relays;  there¬ 
fore  considerable  work  was  done  toward  designing  an 
improved,  hit-indicator  system.  The  American  Time 
Products  Company  and  the  Bell  Aircraft  Corporation 
have  designed  amplifiers.  The  Duke  project  has  con¬ 
structed  two  sets  of  low-cost  pickup  units,  each  of 
which  appears  to  hava  considerable  promise  when 
used  with  proper  filters  in  the  amplifier. 

10X4  Use  of  Coupled  Instructor**  Turret 

It  became  obvious  in  connection  with  the  broad 
training  program  being  developed  for  use  with  the 
T44  frangible  bullet  that  the  development  or  modi¬ 
fication  of  several  accessory  piecis  of  equipment  would 
help  to  improve  the  training.  Thus,  it  was  pointed 
out  by  Army  peroonnel  that  it  would  be  desirable  for 
the  instructor  to  be  able  to  criticise  the  student  at  the 
actual  time  an  attack  is  made.  The  best  way  to  do  this 
acerned  to  be  through  the  development  of  an  inr  .rue- 
tor's  or  slave  turret'-**  driven  by  the  student’s  turret. 

It  was  decided  that  the  moat  immediate  solution 
of  this  problem  would  result  from  tho  adaptation  to 
tUia  purpose  of  the  central-station  fire-control  system 
doveloped  by  tho  General  Electric  Company  [GE] 
and  used  on  B-&8  airplanes.  In  this  adaptation,  the 
gunner’s  turret  controls  another  turret  in  which  an 
instructor  may  observe  the  action  of  tho  student  while 
firing  at  the  rttacking  plane.  An  upper-rear  turret 
of  the  B-29  was  modified  so  that  it  would  carry  an 
instructor  end  would  reproduce  the  movements  in 
both  .azimuth  and  elevation  of  s  Martin  turret  which 
would  be  operated  by  a  student  gunner.  The  Martin 
turret  was  fitted  with  the  necessary  selsyn  generators 


to  enable  it  to  drive  the  instructor's  turret  in  proper 
alignment. 

An  N8-A  gun  sight  mounted  in  a  defiectomster 
was  attached  to  the  tight  yoke  of  the  instructor's  tur¬ 
ret  A  earners  was  mounted  so  that  it  was  possible  to 
make  photograph!  and  visual  observations  simulta¬ 
neously. 

Measurements  were  made  to  determine  the  accuracy 
with  which  this  inrtructor'a  turret  follows  the  driving 
turret  These  measurements  indicate  that  the  accu¬ 
racy  of  alignment  of  the  two  turrets  is  such  that  no 
significant  errors  in  the  evaluation  of  the  student 
gunner  would  result 

Further  preliminary  work  has  been  done  h*  this 
general  connection  in  arranging  a  selsyn -con  trolled 
range  system  so  that  the  range  setting  on  a  comput¬ 
ing  tight  in  the  Martin  turret  ie  reproduced  on  a 
computing  tight  mounted  in  the  instructor's  turret. 
Such  a  system  should  alto  prove  of  value  in  tha  B-29 
training  program. 

***  Modification  of  K-15  Sight 

Another  investigation  of  equipment  accessory  to  the 
training  program  involved  a  study  of  tho  possibility 
of  modification  of  the  K-15*  sight  for  use  with  thia 
bullet.  Tha  operation  of  the  K-15  tight  was  therefore 
studied  to  determine  the  feasibility  of  making  a  sim¬ 
ple  adaptation  of  it  for  this  purpose. 

The  aight  and  a  motion  -  picture  camera  were 
mounted  on  a  revolving  turntable  fitted  with  a  fixed 
pipper.  The  camera  was  focused  on  a  semicircular 
graduated  scale,  and  photographs  were  made  of  the 
positions  of  the  gyro  rctido  and  tho  fixed  pipper  at 
various  predetermined  rates  of  rotation  and  ranges. 
Thus  the  combat  leads  developed  for  various  settings 
of  the  sight  can  be  determined  from  tho  photographs. 

The  most  convenient  method  of  modifying  the  K-15 
tight  for  use  with  the  T44  bullet  at  training  speeds 
it  by  adjustment  of  the  targot-span  handle  (chang¬ 
ing  the  effective  wing  span,  and  therefore  the  appar¬ 
ent  range,  of  the  target  plane).  The  analysis  of  the 
data  showed  such  a  modification  feasible  if  tho  follow¬ 
ing  assumptions  are  made: 

"  1.  The  fighter  and  bomber  velocities  are  properly 
scaled  so  that  the  fighter  paths  in  combat  and  in 
traiau.’  are  identical. 

2.  The  fighter  flics  a  lead-pureuit  curve  so  that 
the  lead  ratio  is  1.41  and  the  tracking-rate  ratio  is 
0.71. 

It  must  be  pointed  out  that  for  pursuit-curve  train¬ 
ing,  tiie  maximum  range  for  which  the  sight  can  bo 
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used  is  about  450  yd  oa  ths  present  basis  of  modi  fin  - 
tion  without  making  change*  in  tha  internal  electrie 
system  o f  tha  tight 

The  data  alto  revealed  that  there  are  time  lag*  in 
tho  eight  which  may  in  aoma  caaea  prove  to  be  too 
large  foe  tha  moat  a&diva  as*  of  the  tight  ha  combat 
gonnay. 

tit  FIELD  TRIALS 

The  first  field  trielc*  of  the  frangible  bullet  were 
made  aaing  the  armored  A-20  target  plane  and  a 
YB-40  bomber  at  Buckingham  Army  Air  Field  it 
Fort  Myers,  Florida.  These  testa  proved  the  general 
validity  of  the  uso  of  the  frangible  bullet  aa  a  training 
procedure  for  aerial  gunners.  The  major  part  of  the 
remaining  field  trials  of  experimental  nature  have 
been  carried  out  by  the  Frangible  Bullet  Project  of 
the  Laredo  Army  Air  Field  at  Laredo,  Texas,  using 
tho  A-20  tad  RP-63-C  target  planes. 

Soma  of  the  general  limitations  of  the  frangible 
bullet  technique  u  brought  out  by  field  trials  are 
listed  in  the  following: 

1.  The  long  time  of  flight  of  the  preaent  frangible 
bullet,  aa  compared  to  the  time  of  flight  of  .60-caliber 
M8  ammunition,  necessitates  Urge  prediction  and  de¬ 
flection  ingles  which  accentuate  the  errors  of  all 
sights.  Tho  increased  timo  of  flight  also  gives  tha  tar¬ 
get  aircraft  more  time  to  depart  from  a  given  plane 
of  action. 

2.  Tho  frsugible  bullet  T44  la  not  sUbla  if  shot 
forward  from  an  airplane  going  foster  than  250  mph. 
This  may  bo  of  concern  in  future  training.  This  lock 
of  etability  can  be  remedied  to  a  large  degree  by  de¬ 
creasing  the  pitch  of  the  Unda  in  the  barreli  through 
which  tho  frangible  bullet  is  fired. 

3.  Tho  breaking  of  tips  of  the  frangible  bulleU 
causes  some  trouble  in  gun  malfunction. 

PSYCHOLOGICAL  ASPECTS 

In  the  courso  of  the  dovolopmont  of  the  frangible- 
ballot  technique  and  in  ita  practical  application  to  the 
training  situation,  questions  frequently  arose  aa  to  the 
psychological  implications*  of  the  scaling  procedure 
used  in  councetiun  with  it,  both  with  respect  to  tha 
modification  of  sighU  and  tho  alteration  nf  plane 
speeds.  In  an  attempt  to  obUin  sound  background  In¬ 
formation  which  would  help  in  orienting  the  program 
iu  these  matters  several  series  ot  psychological  experi¬ 
ments  on  tho  development  ond  analysis  of  gunnery 
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skills  were  run  with  nn trained  subjects.  Testa  wan 
made  with  il  subjects  and  involved  MO  experimental 
sessions,  representing  some  £3,000  pointing  or  track¬ 
ing  trials.  Tha  main  types  of  trials  Included  were 
pointing  at  a  fixed  target  with  variable  deflection^ 
tracking  a  moving  target,  and  panting  with  continifr 
coaly  varying  deflections  at  a  moving  target. 

Some  of  the  many  points  of  significance  Cor  tha. 
general  gunnery-training  problem  brought  out  by 
these  investigations  are  the  following! 

L  The  desirability  of  some  method,  such  ca  tha  in¬ 
structor's  or  slave  turret,  for  providing  the  student 
with  a  knowledge  of  hie  errors  st  the  time  of  training. 

2.  Any  evaluation  of  tha  relative  contribution  to 
the  final  overall  firing  errors  attributable  in  e  given 
tight  mechanism  to,  say,  tracking  versus  ranging 
should  be  baaed  upon  performance  after  training  of 
gunners  in  tha  use  of  the  mechanism.  This  would  in¬ 
dicate  that  if  it  were  possible  to  chooso  between  auto- 
m*tio  radar  control  of  one  or  tha  other  of  these  func¬ 
tions  in  the  sight,  this  decision  should  be  reached  on 
the  basts  of  trials  by  gunners  trained  on  the  basic  sight 
mochaniam  and  the  results  of  such  trials  should  be 
weighed  along  with  engineering  and  design  considera¬ 
tions. 

3.  Skill  in  tracking  once  acquired  through  training 
seems  to  be  retained  for  a  period  of  at  least  six  weeks 
On  the  other  lurnd,  there  is  s  lack  of  rctontlon  of  the 
skill  acquired  in  the  cate  where  the  student  was 
trained  to  point  a  machine  gun  quickly  at  a  target 
and  at  the  lame  time  give  accurately  a  predetermined 
lead  deflection  away  from  the  target. 

Because  of  tha  limitations  in  numltcr  of  subjects 
involved  in  these  experiments,  the  conclusions  in¬ 
dicated  in  the  foregoing  material  must  be  regarded  as 
preliminary  in  nature.  However,  they  illustrate  the 
possibilities  of  obtaining  information  of  prime  impor¬ 
tance  to  a  gunnery-training  program  from  psychologi¬ 
cal  experiments  on  student  gunners,  provided  thus  ere 
carried  out  with  test  equipment  clocoly  paralleling  the 
gunnery  eitustion  itself.  Such  information  should 
have  important  implications  not  only  /or  the  training 
program  but  in  relation  to  such  matters  aa  the  design 
and  choico  of  tight  mechanisms. 

iw  RESULTS 

lail  Closeness  of  Matching  between 
Trainer  and  Prototypo 

An  analysis  of  ths  general  considerations  that  will 
result  In  reasonable  matching  of  the  leads  used  with 
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the  frangible  ballet  with  those  required  in  combat 
above  that  with  proper  adjustment  of  airplane  rated* 
ties  and  sight  reticle,  and  for  purauit-curve  attacks, 
the  match  can  be  made  quite  aatlafactorily.',l,-w 
Theoretical  calculations  of  leads  required  of  guuaara 
firing  at  the  target  plana  making  attacks  along  turret 
el  pursuit  ahow  that  the  leads,  on  a  rad  basis,  are  tha 
some  in  combat  and  in  training  if  tha  adjustments 
previously  mentioned  ana  made.  The  types  of  attacks 
considered  ware  lead-pursuit  and  pure-pursuit  attacks 
against  bombers,  partly  flight  of  fighter  and  bom* 
her,  support  fire  from  a  bomber  formation  against  a 
fighter  attacking  a  particular  plana  in  tha  formation, 
and  finally,  fighter- fighter  attache, 

*■*-*  Status  of  Project 

Tha  rola  that  tha  frangibla  bullet  can  play  in  auch 
matters  as  sight  design  spd  modification,  study  of 
aerial  tactics,  particularly  in  relation  to  fir*  from  for* 
mationa,  in  flghter-versus-fightar  gunnery  training 
and  iu  certain  naral  gunnery  -  training  problems  has 
been  studied.' 

The  status  of  the  technique  in  tha  training  of  gun* 
ners  In  bombers  as  of  Y-J  Day  may  be  summarised  as 
follows: 

1.  From  the  small  beginning  in  November  1944 
bullet  production  rose  to  a  production  capacity  of 
from  40,000,000  to  45,000,000  per  month  in  August 
1944. 

9.  Some  800  armored  target  airplanes  were  pro* 
duccd  for  training  by  tha  spring  of  1944.  Prior  to 
V*J  Day,  450  additional  planes  with  improved  armor 


had  been  ordered;  all  but  80  of  these  were  cancelled 
after  Y-J  Day. 

8.  About  11,000  bomber  missions,  in  which  some 
19,000,000  rounds  of  frangible-bullet  ammunition 
ware  fired  by  student  gunners,  were  flown  in  the  seven 
gunnery-training  schools  In  the  United  States. 

4.  It  was  stated  Just  prior  to  Y-J  Day  that  all  firing 
from  tha  air  in  tha  gunnery  program  of  tha  Training 
Command  would  thereafter  be  with  frangible  bullets* 

iu  POSSIBILITIES  AND  LIMITATIONS 
OF  THE  TECHNIQUE 

Tha  limiting  factors  at  present  ere  the  minimum 
bomber  velocity  and  the  maximum  weight  of  protec¬ 
tion  that  can  ba  addad  to  existing  planes  for  uae  aa 
targets.  Some  Improvement  in  tha  latter  ia  possible  by 
tha  uae  of  specially  designed  target  planes  in  which 
tha  protecting  armor  contributes  to  the  atructural 
strength  of  the  plana  instead  of  being  simply  added 
weight  With  auch  improved  protection,  ballet  veloci¬ 
ties  can  be  increased  several  hundred  fpe  over  the  proa* 
ant  velocities.  This  will  parmit  closer  scaling  of  plana 
and  bullet  velocitiro  and  rcduco  the  modifications  now 
needed  in  the  eight  and  the  compromises  in  tha  tech¬ 
nique. 

However,  there  is  a  limit  to  program  in  this  direc¬ 
tion,  dua  to  tha  fact  that  combat-plans  speeds  and 
combat-bullet  velocities  will  continually  increase, 
making  it  increasingly  difficult  to  build  target  planes 
strongly  enough  protected  to  withstand  tha  bullet  ve¬ 
locities  required  for  nutcliiig. 
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Chapter  II 

DESIGN  OF  MODEL  SUPERSONIC  WIND  TUNNEL 


iu  INTRODUCTION 

Tax  ruoHT  TXLocmt  of  Artillery  projectiles  has 
been  for  many  years  well  in  excess  of  the  Telocity 
of  sound  in  air,  which  is  about  1,100  fps.  Aerodynamic 
data  relating  to  the  flight  performance  of  a  projectile 
can  be  obtained  by  studying  its  trajectory,  bat  this  is 
a  slow  expenaiTa  method.  In  a  wind  tunnel,  the 
projectile  may  be  held  stationary,  while  air  is  moved 
past  it  at  high  velocity,  permitting  the  easy  and  quick 
determination  of  the  aerodynamic  forces  acting  on  the 
model.  For  this  reason,  the  desirability  of  a  large  au- 
personio  wind  tunnel  became  apparent  several  years 
before  World  War  II.  The  construction  of  such  e  tun¬ 
nel  at  Aberdeen  Proving  Ground  was  decided  upon 
by  the  Ordnance  Department.4 

However,  due  to  the  rather  upecial  properties  of  sir 
flow  at  supersonic  speeds,  certain  of  the  deaigu  re¬ 
quirements  for  such  a  wind  tunnel  were  not  clearly 
understood.  For  this  reason  NDRC  contracted 
with  the  California  Institute  of  Technology  in  1941 
to  construct  <.•  small-scale  supersonic  wind  tunnel,1 
and  in  it  to  study  the  design  and  instrumentation 

•Pertinent  to  War  Department  Projoct  OD-24  and  to 
Navy  Department  Projoct  NO-3. 


problems  connected  with  the  construction  and  opera¬ 
tion  of  a  large  supersonic  wind  tunnel  The  specilla 
problems  which  it  was  proposed  to  itndy  were : 

1.  The  compressor  pressure  ratios  and  power  re¬ 
quirements  at  various  air  speeds. 

8.  The  method  of  designing  a  noxxle  to  produce 
supersonic  flow  in  the  test  section.  Unlike  e  subeonio 
wind  tunnel,  the  air  speed  in  the  teat  section  of  a  su¬ 
personic  wind  tunnel  is  determined  not  only  by  the 
pressure  drop  through  the  turnel,  but  also  by  the 
shape  of  the  channel  immediately  upstream  from  the 
test  section.  Analytical  methods  are  available  for  the 
design  of  this  “hozzle”;  it  was  desired  to  check  th6ae 
end  to  determino  any  necessary  corrections.  Each 
Mach  number  requires  s  particular  shape  and  site  of 
noxxle. 

3.  A  method  of  supporting  a  model  in  the  test  sec¬ 
tion  in  such  e  way  that  the  flow  around  the  model  re¬ 
mains  essentially  equivalent  to  that  around  the  pro¬ 
jectile  in  free  flight  This  problem  is  considerably 
more  difficult  in  supersonic  than  in  subsonio  condi¬ 
tions. 

4.  Methods  of  observing  tho  flow  around  s  model 
and  of  measuring  the  forces  acting  on  it  These  consist 
principally  of  a  sc hlieren  optical  system  which  makes 
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visible  the  density  gradients  in  tho  sir  in  tha  test  sec¬ 
tion  end  a  balance  system  on  which  the  model  ie  sus¬ 
pended. 

Tho  email  wind  tunnel  was  constructed  with  a  test 
section  2.5  in.  squore.  It  was  oporated  through  a  range 
of  Mach  numbers  from  1.2  to  4.4.  (Mach  numbor  is  tho 
ratio  ol’  throat-section  air  speed  to  tho  local  speed  of 
sound.)  Sufficient  information  was  obtained  on  all  of 
tho  above  paints  to  permit  furnishing  deflnito  design 
data  for  the  largo  supersonic  ".'Ind  tunnel  at  Aberdeen 
Proving  Ground.  Figures  1,  2,  and  3  give  details  of 
construction. 


iu  PRINCIPAL  RESULTS 

The  most  important  results  of  the  above  inveatiga- 
tiona  can  bo  aummaviwd  briefly. 

1.  In  the  determination  of  the  prcssuio  ratios  neces¬ 
sary  to  operate  the  tunnel,  it  was  found  that  a 
pressure  recovery  from  the  test  section  to  tho-  eud 
of  tho  diffuser  can  be  effected  by  an  amount  compar¬ 
able  to  that  through  a  normal  shock  wove.  In  other 
words,  ft  portion  of  tire  kinetic  energy  of  flow  at  the 
test  section  can  be  converted  to  potential  energy  or 
pressure,  thus  diminishing  the  pressure  difference  to 
bo  overcome  by  the  compressor.  Curves  of  compressor 
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pressure  ratio  wiu  Mach  number*  were  obtained. 

8.  Jt  vu  found  practical  to  aupport  projectile 
model*  by  a  single  strut  from  the  rear.  This  strut  is 
connected  to  tba  balance  system,  which  enters  the 
channel  to  the  rear  of  the  model.  Tha  part  of  the  bal- 
anee  system  in  the  channel  is  shielded  from  the  direct 
afrstreaa  by  a  windshield  of  apodal  (hap*.  It  was 
found  necessary  to  expand  the  channel  around  the 
windshield  at  lew  Mach  numbers  in  order  to  avoid  pro¬ 
ducing  disturbances  in  the  flow  at  the  test  section. 
Correct  combinations  of  windshield  shape  and  chsnnal 
shape  were  foam"  at  all  Mach  number*.  A  typical 
installation  is  shown  in  Figure  4  as  viewed  with  the 
achlieren  apparatus  at  a  Mach  number  of  8.4. 

8.  The  method  of  designing  n assies  using  the 
method  of  characteristics9'*'4  was  found  to  be  satis¬ 
factory,  although  the  existence  of  a  boundary  layer  of 
retarded  air  along  the  nostle  walls  necessitates  soma 
corrections. 

4  The  presence  of  walls  in  the  tut  section  doe*  not 
affect  the  flow  around  the  model  if  the  letter  is  small 
enough.  The  permissible  size  of  model  depends  on  the 
Mach  number,  becoming  less  as  the  Mach  number  de¬ 
creases  toward  1.  A  blunt  model  0.33  in.  in  diameter 
can  be  vsed  in  the  2.5-in.  tut  section  down  to  a  Mach 
number  of  1.8;  below  this  speed,  the  problems  of 
model  sue  and  support  system  make  testing  very  diffi- 
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cult  if  not  impractical.  The  relation  of  Mach  number 
to  permissible  model  sise  was  determined. 

iu  CONCLUSIONS 

The  practicality  and  utility  of  a  supersonic  wind 
tunnel  for  investigating  problems  in  ballistic  aerody¬ 
namics  was  demonstrated.  Various  aspects  oi  the  de¬ 
sign  and  instrumentation  problems  associated  with 
•uch  a  wind  tunnel  were  studied  and  satisfactory  so¬ 
lutions  found  in  all  cases  in  the  range  of  Mach  num¬ 
bers  from  1JB  to  44 
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11X1  Purpose  of  Dives  tigatkn. 

nzaat shtal  and  theoretical  investigations  of  the 
behavior  of  materials  under  dynamic  conditions* 
were  first  undertaken  by  Division  2  u  part  of  its  pro¬ 
gram  of  fundamental  research  on  the  mechanism  of 
projectile  penetration  and  perforation.  Du  in*  the 
passage  of  a  projectile  through  armor  the  material  in 
the  vicinity  of  the  penetration  receive*  very  severe  and 
very  rapid  distortion.  It  was  believed  that  a  knowledge 
of  the  effect  of  deformation  rate  on  the  relation  be¬ 
tween  stress  and  strain  and  on  the  occurrence  of  brittle 
rupture  would  be  useful  *;-<  any  study  of  projectile 
penetration.  During  the  progress  of  the  work,  various 
ad  hoc  military  applications  were  nude.  These  ware 
generally  experimental  comparisons  of  impact 
strengths  of  materials,  e^.,  light  alloys  for  airplane 
construction  tested  at  low  temperatures,  steals  to  be 
used  in  underwater  plating  of  naval  craft,  metal  com¬ 
ponents  of  projectile  fuzes,  and  small  crush ar  cylin¬ 
der?  or  spheres  (or  measuring  explosive  pressures  in 
guns.  A  large  part  of  the  work  via  also  concerned 
with  two  fundamental  problems:  (1)  the  manner  in 
which  plastic  strain  is  propagated  and  (2)  the  effect 
of  impact  velocity  on  mechanical  properties  of  metals. 

1X14  Previous  Investigations 

Extesulueu  rxt  Won* 

For  some  time  it  had  been  believed  that  rate  of 
straining  or  rato  of  stressing  of  a  material  has  an 
effect  on  its  stress-strain  relation  and  on  its  resistance 
to  failure.  In  1904,  Hopkinson*  concluded  that  a  soft 
steel  can  endure  a  stress  several  time*  exceeding  its 
elastic  limit  witKout  plastic  deformation,  provided  tho 
duration  of  loading  is  mad*  sufficiently  short.  More 
recently,  so-called  notch-impact  testa,  intended  mostly 
as  a  measure  of  the  brittleness  or  notch -se aw tivity  of 
a  material  (not  of  the  behavior  under  impact)  have 
been  much  used.  A  number  of  investigators  have,  in 
addition,  attempted  to  study  the  effect  of  deformation 
rate  on  the  stress-strain  relations  of  various 
metals.'*11  The  latest  of  these  researches  employed 

“•Ptrtlceal  to  Wrj  Departmeot  Project  OD-87  tad  to  Navy 
Depuuuut  FtoJceU  NO-7,  NO-ll,  and  N8-109. 


rotary-type  testing  machine*,*'11  capable  of  speeds 
up  to  about  200  fpe  and  using  specimens  generally 
similar  to  standard  tensile  specimens.  In  those  investi¬ 
gation*  in  which  forces  wen  measured  during  each 
test,  it  waa  generally  found  that  the  dynamic  tons  as 
a  function  of  deformation  was  somewhat  higher  then 
the  static  force.*1* 

Taso&rrrcAL  Worn 

No  analysis  of  the  tensile  impact  test  waa  attempted 
in  the  years  preceding  World  War  II.  The  propagation 
of  elastic  waves  in  materials  was  well  understood,  of 
course,  but  almost  no  attention  was  paid  to  waves  in 
nonlinear  media  other  than  gases,  which  had  been 
treated  by  Riemann1*  in  the  1860’s.  In  1930,  L  H. 
Donnell1*  showed  that  a  longitudinal  wavs  in  a  win 
ct  bar  with  nonlinear  stress-strain  relation  would  suf¬ 
fer  a  continual  change  of  shape  due  to  the  unequal 
speeds  of  the  different  levels  of  stress. 

14X1  Progress  of  Work  daring  the  War 

A  considerable  part,  but  by  no  means  all,  of  the 
work  dene  in  this  field  during  World  War  II  waa  dons 
by  Division  2.  In  the  following  brief  account,  the  work 
of  other  agencies  will  ba  included  in  order  to  give  s 
fairly  complete  if  not  detailed  picture. 

Tbs  situation  is  complicated  by  the  large  number 
of  organisations  involved  and  by  the  variety  of  prob¬ 
lems  attacked.  Within  Division  2,  work  was  don*  at 
the  following  laboratories:  University  of  Pennsylva¬ 
nia,  Carnegie  Institute  of  Technology,  California  In¬ 
stitute  of  Technology,  Massachusetts  Institute  of 
Technology,  Wettinglwuts  Research  Laboratories,  end 
Princeton  University.  Outside  of  Division  2,  pub¬ 
lished  work  was  dona  by  NDRG  Division  18,  by 
Watertown  Arsenal  Experimental  Laboratory,  end  by 
the  British,  especially  at  Fort  Halstead  by  the  Arma¬ 
ment  Research  Department  [ARDj  of  the  Ministry 
of  Supply.  The  methods  of  attack  were  partly  experi¬ 
mental,  partly  analytical.  The  problems  covered  may 
ba  divided  broadly  between  two  classes:  (1)  those 
dealing  with  tbs  manner  in  which  plastio  stress  and 
strain  are  propagated  (these  received  mostly  analyti¬ 
cal  treatment  with  experimental  verification)  and  (2) 
those  concerned  with  the  manner  in  which  the  atreas- 
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•train  relation  of  a  material  >•  affected  by  the  impact 
velocity  (these  were  treated  experimentally,  bat  with 
analytical  explanation  arl  discussion). 

Uriysbsity  or  Pin  m  stlvi  nia  and  Cawan 
Iwvrmm  or  Tkhnoloot 

The  first  work  in  this  field  in  the  division  vu  began 
hi  September  1941,  at  the  University  of  Pennsylvania. 
This  project  was  transferred  to  the  Carnegie  Institute 
of  Technology  in  November  1949  and  ended  in  May 
1944.  The  experimental  work  consisted  in  compression 
of  small  copper  spheres  and  cylinders  of  the  types  used 
for  determining  explosive  pressures  in  guns.  Later, 
armor  steels  were  toted.  The  epperatus  consisted  of  a 
rotary  testing  machine  capable  of  a  peripheral  speed 
of  100  fpe.  Dynamic  force-defection  curves  were  ob¬ 
tained.  In  addition,  theoretical  investigations  were 
made  dealing  with  the  propagation  of  plasticity  In 
the  compression-test  specimens,  with  <h»  proposition 
of  the  plastic  sons  in  a  thick  plate  due  to  an  expanding 
cylindrical  hole,  and  with  the  effect  of  an  impulse  on 
the  material  of  a  plate. 

Calutoonia  Institute  or  Txchnoloqt 

Work  was  undertaken  at  the  California  Inatitute  of 
Technology  in  March  1949  and  ooaaiatad  of  the 
following: 

1.  Tenaila  impact  teste  on  short  specimens  (up  to 
12  in.)  of  various  metals,  mostly  steels,  in  s  rotary 
impact  mschins  capable  of  peripheral  speeds  up  to 
200  fps.  The  force- time  relation  during  each  test  was 
obtained. 

2.  The  development  of  analytical  methods  of  treat¬ 
ing  the  propagation  of  plasticity  under  impact  in 
wires  and  bars,  including  tho  specimens  tested  in  the 
rotary  machine. 

3.  Experiments  on  long  wires  in  a  guillotine -type 
machine  mainly  for  the  purpose  of  testing  the  theory 
developed  in  (2)  above. 

4.  Pure  strain  rate  tests  in  which  propagation 
effects  were  eliminated. 

5.  Compressive  impact. 

<L  Sapid  loading  testa. 

7.  Miscellaneous  experiments  and  analyses  con¬ 
cerned  with  lateral  impact  on  pistes  and  beams  and 
with  perforation  of  plstea. 

In  January  1944,  the  contract  with  the  California 
Institute  of  Technology  was  transferred  to  Division 
18,  NDRC.  Reference  should  bo  msde  to  the  STB  of 
that  division  for  a  discussion  of  all  the  experimental 
work  (both  before  and  after  tho  transfer)  done  under 


this  contract  The  theoretical  work  is  discussed  in  the 
present  ^vutuma 

lUwACHnam  Issrmm  or  Txchnoloqt 

Experimental  investigations  of  the  behavior  of  met¬ 
als  at  high  strain  rates  wen  carried  out  between  July 
and  November  1841.  The  apparatus  used  consisted 
essentially  of  a  piston  fitting  a  cylinder  «*mtsiwtng 
explosive.  Detonation  of  the  explosive  stretched  and 
broke  the  tensile  test  specimen.  These  tests  were  in¬ 
tended  only  for  romp/  Leon  those  obtained  by 
other  division  contractors  and  have  not  been  published 
by  the  division. 

WkSTIKOUOCU  RKSKABCK  LoBOKATORHS 

From  November  1942  to  August  1944,  experimen¬ 
tal  work  on  stretching  of  steel  and  nylon  specimens 
at  moderate  rales  of  strain  waa  pursued.  These  tests 
were  primarily  concerned  with  the  propagation  of  the 
sons  of  yielding  in  materials  having  well-defined  yield 
points. 

**  THE  PROPAGATION  OF  PLASTICITY 
IN  SOLIDS 

““  Plasticity 

A  plastic  material  is  one  that  can  be  given  a  perma¬ 
nent  deformation  by  the  application  and  subsequent 
removal  of  external  forces.  The  stress-strain  relation 
of  ouch  a  material  (as  obtained  by  means  of  the  sim¬ 
ple  tensile  test,  for  example)  is  usually  curved,  but 
with  a  straight  initial  portion.  Tho  removal  of  load 
gives  an  unloading  line  that  ia  usually  straight  and 
parallel  to  the  first  part  of  the  loeding  curve  (Figure 
1).  Generally  similar  relations  are  obtained  in  otbar 
kind*  of  stressing,  e.g.,  simple  compression,  biaxial 
or  triaxial  loading,  etc.  Most  plastie  materials  are 
elastic  up  to  a  certain  stress,  the  olastio  limit,  defined 
sue  the  highest  stress  that  can  be  reached  in  a  stressing- 
straining  cycle  without  leaving  permanent  strain. 
Norpully,  the  olastic  pert  of  tho  stress-strain  relation 
is  linear. 

»“*  Elastic  Waves 

The  b  .asvior  of  elastic  materials  under  static  forces 
or  under  impact  is  quite  well  known.  For  example, 
when  a  uniform  wire  or  rod  receives  a  longitudinal 
impulsive  stress  less  than  the  elastic  limit,  the  effect  ia 
to  produce  in  the  specimen  a  longitudinal  stress  wavs 
which  maintains  its  form  and  which  travels  along  the 
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specimen  with  constant  speed.  The  speed  ia  equal  to 


when  B  ia  Young's  modulus,  the  ratio  of  statu  to 
•train,  aad  f.  ia  density,  or  ouas  par  unit  volant 
(weight  per  unit  volume  divided  by  g,  the  acceleration 
of  gravity).  Siaco  atnaa  aad  (train  an  related,  each  a 


Fiauaa  i.  Rtraw  »lr«ln  relation. 


wave  of  atreu  ia  simultaneously  a  wave  of  strain.  The 
atrcaa  a,  atrain  «,  aud  particle  velocity  V  at  e  point 
of  a  wave  in  an  elaatic  medium  an  related.  For  the 
uniform  bar  or  wire  at  a  point  when  the  elaatic  wavea 
are  ell  moviag  in  the  tamo  direction,  the  relation  ia: 


A  wave  of  thia  type  tnvela  unchanged  until  it  meeta 
e  discontinuity  of  aome  kind,  such  aa  a  fixed  end,  e 
free  end,  e  change  of  aection,  or  a  change  of  materiel 
characteristics. 

At  e  fixed  end  or  at  a  free  end  the  wav#  must  be 
reflected  totally.  In  the  first  case  the  refloated  atreu 
wave  ii  exactly  like  the  incident  wave  except  for  ita 
direction  of  travel  In  the  vicinity  of  the  fixed  point, 
atreu  end  strain  are  increased  by  the  combination  of 
parts  of  incident  and  reflected  waves.  Particlo  velocity, 
on  the  other  hand,  ia  diminished  in  thia  region  due  to 
interference  of  the  wave*.  At  the  fixed  point,  stresses 
and  strains  are  exactly  doubled  and  particle  velocity 
is  exactly  xero.  At  a  free  end,  the  reflected  stress  wave 
la  the  negative  of  the  incident  wave,  stress  and  strain 
being  of  opposite  sign  to  thou  of  the  original  wave. 
Particle  velocity,  however,  ia  in  the  same  direction 
u  in  the  original  wave.  In  the  vicinity  of  the  free 
end,  there  ia  interference  between  the  two  wavea  in 
respect  to  stress  and  strain  and  reinforcement  in  re* 
apcct  to  particle  velocity.  Exactly  at  a  free  end,  the 


particle  velocity  ia  doubled,  and  atreu  and  atrain  an 
pjnnanantly  sna 

Plastic  Wavea1*-** 

In  a  plaatie  material  the  situation  ia  complicated 
tar  the  following  reasons: 

L  Than  is  no  tongar  a  Unear  relation  between 
atreu  and  strain;  in  addition,  the  relations  are  dif- 
farant  for  increasing  and  for  decreasing  atnaa. 

S.  A  wave  dou  not  maintain  its  form  as  it  pro* 
greases.  Bather,  the  front  or  region  of  increasing 
atreu  tends  to  become  longer  and  longer,  at  least  in 
normal  cases. 

8.  The  unloading  wave  travels  faster  than  tha  wave 
front  or  loading  wave,  catches  up  to  it,  end  tries  to 
eat  it  away.  This  introduces  complications  into  the 
analysis. 

A  wavs  of  streu  moving  along  a  uniform  member 
can  be  thought  of  u  e  series  of  very  smell  waves,  one 
superimposed  upon  the  other.  Each  wavelet,  of  ampli¬ 
tude  A?  and  superimposed  on  a  streu  c,  has  a  voloo* 
ity  dependent  upon  its  position  in  the  stress-strain 
1  elation.  In  fact,  ita  velocity  will  be  a  function  of  tha 
streu  a,  according  to  the  following  relation : 


In  this  expression  do/d*  ia  the  slope  of  the  engineering 
•tress-strain  curve  at  the  stress  <-.  Since,  in  a  normal 
plastic  material  thia  alope  decreases  with  increasing 
•tress,  each  streu  wavelet  moves  slower  than  the  im* 
mediately  lower  one.  The  strain  at  any  point  of  the 
wavs  front  is,  of  course,  that  corresponding  to  the 
streu  at  that  point  according  to  the  stress -strain  rela* 
tion.  The  streu  wavelet  Air  gives  rise  to  an  increment 
of  particle  velocity 

AP  —  c is. 

Thus,  the  particle  velocity  V  corresponding  to  a  streu 
a  or  to  a  strain  t  in  the  increasing  part  of  a  wave 
front  ia; 


The  quantity  do/d*  is  obtained  u  a  function  of 
either  <r  or  «  by  graphical  differentiation  of  the  engi* 
neering  stress-strain  relation.l'',M‘  Equation  (1) 
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can  b«  used  to  obtain  tha  stress  and  strain  malting 
from  a  tonsils  or  compressive  impact  vslocity  F,  pro* 
▼ided  the  corresponding  stress-strain  relation  is  used. 
See  Section  12.2.8  below  for  a  discussion  of  compre*- 
sirs  impact. 

***  Critical  Tensile  Velocity 

In  tension,  the  engineering  stress-strain  relation 
becomes  horisont&f  at  the  ultimate  strength  of  the 
material.  If  equation  (1)  is  integrated  to  this  point, 
tho  velocity  so  calculated  is  the  critical  tensile  impact 
velocity.  It  would  be  expected  that  tensile  impact  at 
a  velocity  exceeding  this  critical  velocity  will  always 
mult  in  immediate  necking  end  failure,  with  very 
little  deformation  away  from  the  aone  of  necking.  At 
velocities  less  than  the  critical,  rupture  may  occur 
anywhere  in  the  specimen,  after  reflection  from  a 
fixed  boundary  has  occurred,  and  all  of  the  member 
must  participate  in  the  deformation.  Thus  the  energy 
required  to  break  a  member  in  tension  is  expected  to 
be  email  at  velocities  above  tho  critical.  Experimen¬ 
tally,  this  conclusion  is  found  to  be  correct.  For  most 
ductile  materials  the  agreement  between  the  critical 
velocity  calculated  according  to  the  static  atreaa-strain 
relation  by  equation  (1)  agrees  well  with  that  found 
experimentally  in  cither  the  rotary-  or  the  guillotine- 
type  machine.  This  indicates  (L)  that  the  theory  of 
equation  (1)  is  at  least  approximately  correct,  (2) 
that  the  static  and  dynamic  streas-atrain  relations  for 
theso  materials  are  nearly  the  eame.  However,  for  one 
class  of  materials,  mostly  soft  steels,  which  have  a  so- 
called  yield-point  at  which  a  finite  increase  in  strain 
occurs  with  constant  or  oven  decreasing  stress,  the 
agreement  between  observed  and  calculated  critical  ve¬ 
locities  is  not  good.  The  conclusion  is  that  the  static 
and  dynamic  stress-strain  relations  differ  considerably 
for  such  materials.  This  conclusion  is  supported  by 
comparisons  of  dynamic  and  static  deformation  forces 
obtained  in  rotary  machines*'1*'11  and  was  also 
reached  by  Hopkinton1  ou  the  basis  of  quite  different 
experiments  (Section  12.1.2).  The  critical  tensile  im¬ 
pact  velocities  of  most  ductilo  materials  are  of  the 
order  of  100  to  200  fps. 

1114  Reflection  of  Plastic  Wavea 
Tho  reflection  t-f  a  plastic  wave  at  a  discontinuity 
resembles  generally  the  reflection  of  an  elastic  wave. 
The  problem  is  much  more  difficult  to  handle  analyti¬ 
cally  iu  tho  plastio  case  but  has  been  solved.11'**  The 
reflection  of  a  stress  wave  at  a  fixed  end  in  an  elastic 
member  gives  riso  to  stresses  and  strains  that  are  ex¬ 


actly  doable  thoee  in  the  incident  wave.  If  tha  mate¬ 
rial  is  plastic,  tha  maximum  reflected  stress  is  less 
than  twice  and  the  reflected  strain  more  than  twice 
the  maximum  stress  and  strain  in  the  incident  wave. 

Tho  Unloading  Wave 

Normally,  a  (trees  ware  has  not  only  a  front  of  In¬ 
creasing  stress,  but  also  a  back  part  or  tail  in  which 
the  stress  diminishes  to  sero.  Tha  behavior  of  tha  bade 
of  a  plastic  wavs  depends  on  the  unloading  stress- 
strain  relation  of  the  material.  Normally,  this  on- 
stressing  relation  is  linear,  bat  is  steeper  than  tha 
major  part  of  tha  loading  or  stressing  part  of  tha 
relation.  Consequently,  the  unstressing  part,  or  tail, 
of  the  traveling  ware  tries  to  behave  like  an  elastic 
\*av#  and  to  mors  with  a  greater  velocity  than  tha 
plastic  front  This  means  that  if  the  member  is  long 
enough  tho  tail  of  the  wave  will  always  catch  tha  front 
and  will  tend  to  pass  through  it  8uch  a  process  is 
not  possible;  the  back  of  the  wave  passes  partly 
through  tha  front  and  reduces  it  somewhat,  is  re¬ 
flected  from  it,  and  returns  ss  an  elastic  wave  toward 
its  starting  point  At  the  starting  point  (the  point  of 
original  impact)  this  reflected  wave  ie  again  reflected 
end  retraces  its  way  to  the  more  slowly  moving  plastic 
front  Whon  the  plastic  front  is  reached  by  the  new 
unloading  wave  the  whole  process  repeats  itself.  At 
every  such  repetition  tha  intensity  of  tits  plastic  wave 
front  is  reduced,  until  it  disappears  or  is  reduced 
to  the  elastic  limit  of  the  material.  The  portion  of  the 
member  in  which  this  complicated  process  has  taken 
place  shows  a  nouuniform  distribution  of  permanent 
strain.  Near  the  point  of  impact  tha  strain  left  in  the 
member  is  that  corresponding  to  the  impact  velocity 
as  given  by  equation  (1).  At  the  point  where  the  rear 
of  the  wave  first  overtakes  the  front  of  the  wsvo  the 
permanent  strain  begins  to  decrease  and  continues  to 
decrease  to  tho  point  in  the  membor  where  the  un- 
stressing  wave  was  reflected  to  tho  rear.  Following  this 
there  is  a  short  section  of  the  member  in  which  the 
permanent  strain  is  constant;  this  is  followed  by  a 
section  of  decreasing  strain,  then  by  a  short  section  of 
constant  strain,  and  so  on.  Tho  stepped  distribution  of 
permanent  strain  in  a  specimen  is  illustrated  in  Fig¬ 
ure  2.  It  is  of  interest  to  note  that  the  stepped  dis¬ 
tribution  of  strain  was  observed  experimentally  only 
after  its  occurrence  had  been  predicted  from  analy¬ 
sis.1*  For  a  moro  complete  discussion  of  the  behavior 
of  the  unstressing  wave,  rcfcreuco  should  be  made  to 
the  bibliography.1**11*’* 
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mi  Analysis  of  Impact  TcaU  on  Short 
Specimens 

Aa  stated  above,  although  tensile  impact  testa  had 
been  carried  out  lor  several  year*  before  World  War 
II  there  had  been  no  attempt  to  analyte  their  re¬ 
sult*,  it  being  assumed  merely  that  the  force  deflec¬ 
tion  obtained  dynamically  gave  the  dynamic  streas- 
ctrain  relation  of  the  material  directly.  It  ia  now 
known  that  this  assumption  ia  not  exactly  correct 
It  ia,  however,  poaaible  to  uae  the  static  stress-strain 
relation  in  calculating  the  expected  relation  between 
force  and  extension  during  a  teat  Any  differences  be¬ 
tween  the  calculated  and  the  observed  relations  can 
be  taken  to  be  at  least  partly  due  to  differences  between 
static  and  dynamic  streas-atrain  relation*.  Unfortu¬ 
nately,  the  condition*  of  loading  during  a  test  are 
sometime*  aoraewhat  uncertain  and  may  givo  rise  to 
effect*  that  obscure  the  result*  of  such  analyses.  Of 
value  in  the  analyst#  of  impact  tests  is  the  explanation 
given  for  the  existence  and  the  method  of  calculating 
the  critical  impact  velocity.  Anothor  contribution  of 
plastic  analyaia  to  the  impact  tests  is  in  connection 
with  the  afterflow  or  continuation  of  deformation  that 
occurs  in  a  tensile  specimen  after  it  breaks.  Ordinarily 


this  effect  is  small;  however,  occasionally  It  become* 
important**  The  theory  of  plastic  wave  propagation 
has  also  been  used  to  aid  in  discussing  the  significance 
of  measurement*  of  energy  required  to  break  a  aped- 
men  during  the  tensile  teat** 

u.xs  Compressive  Impact  on  a  Uniform  4 
Member 

The  analysis  of  wave  propagation  In  tension  applie* 
equally  well  in  compression,  provided  the  stress-strain 
relation  i*  of  the  same  form,  i.e-,  concave  downward. 
However,  for  large  strain*  the  compressive  stress- 
strain  curve  must  become  concave  upward  (due  to 
the  fact  that  cross-sectional  area  increases  under  com¬ 
pression)  and  the  analysis  that  has  been  outlined  doea 
not  exactly  apply.  Some  attempts  at  solving  this  prob¬ 
lem  have  been  made.**1”  In  the  region  where  the 
stress-strain  curve  is  concave  upward  a  strew  incre¬ 
ment  tends  to  move  faster  than  the  stress  immediately 
smaller.  Thus,  a  wave  front  tends  to  become  steeper, 
not  flatter,  as  it  progresses.  This  change  of  shspe  can 
continue  until  an  infinite  stress  gradient  exists  at  the 
wavo  front  An  infinite  stress  gradient,  which  may  be 
thought  of  as  a  wave  with  a  vertical  front,  then  move* 
along  the  member.  This  is  a  kind  of  shock  wave  who** 
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characteristics,  including  speed  tod  th*  relation  be¬ 
tween  (treat  and  impact  Telocity,  an  known.  With  in* 
creating  impact  Telocity  the  impact  (treat  iacmaoa 
according  to  the  shock-wav#  reUtiona  juat  mentioned 
and  the  material  of  the  member  acquiree  a  Telocity 
equal  to  the  velocity  of  impact  However,  above  a  cer¬ 
tain  striking  velocity  this  ia  no  longer  tree  beranee 
the  material  ia  not  strong  enough  to  acquire  the  fall 
velocity  of  the  impact  but  tends  to  slough  oft  aidewiaa 
against  the  striking  body,  while  immediately  in  front 
of  this  region  the  member  continue*  to  approach  the 
striking  body.  Thus  the  member  behave*  partially  like 
a  fluid.  With  increasing  impact  velocity  this  behavior 
is  emphasised  more  end  more  until,  at  a  velocity 
equal  to  or  exceeding  tKe  speed  of  an  elastic  wave  in 
the  member,  the  behavior  is  exactly  like  that  of  a  fluid, 
the  impact  pressure  being  dependent  only  on  the  den¬ 
sity  of  the  material  and  the  velocity  of  impact,  snd  not 
on  its  strength.  In  this  limiting  case, 

.  This  theory  has  not  been  verified  experimentally 
because  of  the  velocities  involved.  Compression  impact 
tests*4  on  fairly  long  specimens  were  made  at  the 
California  Institute  of  Technology  project  at  veloc-  * 
ities  up  to  about  300  fpe,  end  the  results  art  outlined 
iu  the  STR  of  Division  18.  The  calculated  critical 
compressive  impact  velocity  for  a  particular  annealed 
copper  is  600  fps  and  for  hot-rolled  1018  steal,  1,500 
fp#.* 

UA*  Transverse  Impact  on  a  Thin  Wiru 

.This  problem  vu  first  treated  for  the  plaatic  case 
by  English  investigators,  but  was  also  solved  at  the 
Princeton  Station  of  Division  3.  It  is  found  that  two 
distinct  propagations  occur  in  the  wire.  There  is  a 
stress  wave  propagated  as  in  normal  longitudinal 
impact  There  is  also  a  kink  that  moves  along  the  wire 
away  from  the  impact  point.  lit  this  case  also  there  ia 
a  critical  volocity,  above  which  deformation  is  confined 
to  the  vicinity  of  the  point  of  impact  The  critical 
velocity  in  transverse  impact  is  greater  (by  a  factor 
of  2  or  3)  than  for  longitudinal  tensile  impact  For 
materials  whose  tensile  strain  at  tho  ultimate  stress 
is  small  compared  to  unity,  the  following  expression 
give*  the  approximate  ratio  between  the  transverse 
critical  velocity  V,  and  the  tensile  critical  velocity 
V  of  equation  (1) : 


In  the  above  expression  <r,  is  the  ultimate  tensQ* 


•trees,  and  ^  it  density  (weight  per  unit  vohna*  di¬ 
vided  by  g,  the  acceleration  of  gravity).  For  the  an¬ 
nealed  copper  of  the  previous  section  having  *  critical 
compressive  velocity  of  600  fpe,  the  critical  transverse 
impact  velocity  ia  calculated  to  be  460  fpe  while  the 
rritiral  tensile  velocity  ia  only  160  fp*. 

A  practical  application  of  this  analysis  ia  to  the 
problem  at  tin  behavior  of  balloon  mooring  cable* 
when  struck  by  aircraft.  (During  World  War  U»  cer¬ 
tain  Qerman  planes  were  equipped  with  cable  cutters 
on  tbe  leading  edges  of  wings.)  The  critical  trans¬ 
verse  impact  velocities  of  steels  ere  in  the  range  tfiO 
to  600  fp*  and  thus  are  within  the  rang*  of  operating 
speeds  of  aircraft. 

uam  Behavior  of  Thin  Diaphragms  under 
Impulsive  Pressure 

If  s  thin  diaphragm  receives  s  sudden  impulse  of 
short  duration  it  tends  to  move  bodily,  with  constant 
velocity  in  the  direction  of  the  impales.  However,  the 
edges  of  the  diaphragm  cannot  move  end  therefore 
give  rise  to  stresses  and  deformations  which  ere  propa¬ 
gated  inward  with  constant  speed.  Until  three  reach 
a  point  on  tbe  sheet,  that  point  has  not  been  affected 
by  the  boundaries  and  baa  moved  exactly  ae  though 
there  were  no  boundaries.  Thus  it  can  be  seen  that, 
immediately  after  such  an  impulse  a  diaphragm  has 
a  shape  resembling  a  pie  piste,  being  flat  over  the 
central  region  and  with  curved  or  sloping  edges. 
The  kink  that  separates  the  flat  rud  the  eloping  areas 
moves  inward,  diminishing  the  former  end  enlarging 
the  latter.  (This  shape  occurs  for  any  uniformly  dis¬ 
tributed  pressure,  even  if  not  of  short  duration.) 

If  the  diaphragm  is  long  snd  narrow,  the  influence 
of  the  short  sides  of  its  behavior  can  ba  neglected  ex¬ 
cept  in  their  vicinity.  Such  a  diaphragm  when  sub¬ 
jected  to  an  impulse  (of  very  short  duration)  behave* 
exactly  like  the  wire  discussed  in  the  preceding  sec¬ 
tion  except  that  it  is  necessary  to  consider  tho  inter¬ 
action  of  stresses  snd  kinks  from  two  edges  meeting 
at  the  center.  An  additional  consideration  is  that  the 
stress-strain  relation  for  a  member  that  is  unable  to 
contract  in  one  dimension  (like  the  diaphragm)  dif¬ 
fers  somowhat  from  the  normal  tensile  relation.  Thus 
there  is  a  critical  impulse  for  such  a  diaphragm — the 
impulse  that  gives  it  s  velocity  equal  to  the  critical 
transverse  velocity  of  the  material  according  to  equa¬ 
tion  (S),  making  due  allowance  for' the  leteral  re¬ 
straint.  An  impulse  per  unit  area  exceeding  this  would 
be  expected  to  cause  immediate  failure  at  tha 
boundary. 
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The  behavior  of  *  circular  diaphragm  ia  generally 
the  tame,  bat  more  difficult  to  analyse.  There  ia  a  crit¬ 
ical  impulse  p*v  unit  area  equal  or  approximately 
equal  to  that  for  the  long,  narrow  diaphragm.  Ex¬ 
periments  with  each  diaphragms  subjected  not  to 
impulsive  pressure  bat  to  suddenly  applied,  nearly 
oanstant  pressure  show  clearly  that  the  central  part 
of  such  a  diaphragm  remains  flat  until  reached  by  the 
kink  coining  from  the  edge.  The  characteristic  shape 
of  a  dynamically  loaded  and  distorted  but  unbroken, 
diaphragm  differs  markedly  from  tha  shape  of  a 
statically  loaded  one,  being  very  much  more  conical.** 
Identical  reeuhs  art  obtained  in  the  case  of  dia¬ 
phragms  subjected  to  shocks  from  underwater  explo¬ 
sions.  (See  Chapter  1.) 

It  must  not  be  assumed  that  an  impulse  smaller 
than  the  critical  impulse  will  not  break  a  diaphragm. 
The  significance  of  critical  impulse  is  that  a  greater 
impulse  will  cause  failure  at  the  boundary  with  very 
little  absorption  of  energy,  while  araaller  impulses  can 
result  in  failure  at  the  center  but  with  eniiridarahU 
absorption  of  energy.** 

11X11  Lateral  Impact  on  Beams 

This  problem  has  been  solved  analytically  for  the 
plastic  case  and  the  results  found  to  agree  reasonably 
well  with  experiments. The  solution  is  bassd  on 
that  obtained  by  Bouainnesq**  for  the  elastic  case. 
Dus  to  the  fact  that  bending  ia  the  governing  factor 
rather  than  tensile  stress  as  in  the  case  of  the  thin 
wire,  the  results  differ  considerably  from  those  ob¬ 
tained  for  the  wire.  In  particular,  it  is  found  that  for 
a  constant  impact  velocity  on  a  very  long  beam  the 
quantity  y/t  (deflection  divided  by  time  after  impact) 
is  a  function  of  the  quantity  x/l*  (distance  from  the 
point  of  impact  divided  by  the  square  of  the  time). 
In  other  words,  all  deflection  curves  obtained  during 
the  first  stages  of  impact  at  constant  velocity  on  a 
long  beam  can  be  reduced  to  a  single  curve  if  defleo- 
tiona  are  divided  by  the  time  and  distance*  from  the 
impact  by  the  square  of  the  time.  There  ia  found  to 
be  an  impact  velocity  below  which  no  permanent 
bending  will  occur.  This  depends  only  on  the  mate¬ 
rial  and  the  cross-sectional  shape  of  the  beam  but  not 
on  its  size.  For  structural  steel  I  beams  the  elastic 
limit  velocity  is  about  25  fps.  Over  a  certain  range  of 
velocities  just  above  this  value,  permauent  bending 
will  occur  only  in  the  vicinity  of  the  point  of  impact 
Over  a  range  of  velocities  immediately  higher  there 
will  be  two  regions  of  permanent  bendiug  (of  oppos¬ 
ing  curvatures),  one  under  the  force,  the  other  mo v¬ 


Kl 

ing  along  the  beam.  For  still  higher  velocities  them 
will  be  three  aonet  of  permanent  bending.  et& 

11X11  Concentrated  Impact  on  Plates 
This  problem  wee  attacked*  both  experimentally  sad 
theoretically  in  the  California  Institute  of  Technology 
project-4*4*  The  experiments  ware  made  ta  tbs 
guillotine-type  machine  oa  54-in*  steel  plates  7  in,  t 
ft,  end  t  ft  in  diameter,  et  velocities  ranging  from  * 
to  200  fps.  Two  theorise  were  developed,  one  consider¬ 
ing  only  plastic  bending  of  the  plate,  the  other  ignor¬ 
ing  bending  strength  and  considering  only  tsnstty 
stresses  in  the  plane  of  the  plate.  The  experimental 
results  appear  to  He  between  the  results  of  the  two  theo¬ 
ries  but  somewhat  closer  to  the  bending  theory.  It  wee 
concluded  that  any  satisfactory  theory  of  the  behavior 
of  plates  under  concentrated  impact  would  have  to 
involve  both  bending  and  axtenaional  effects. 

11X11  Applications  o I  Theory  to  Penetra¬ 
tion  and  Explosion  Phenomena 

At  the  Carnegie  Institute  of  Technology  there  were 
developed  analyses  applying  to  the  mechanism  of 
projectile  penetration  in  thick  plates**  and  to  the 
effects  of  an  explosion  in  contact  with  a  plate.**  In 
the  first  case,  tho  propagation  of  stress  and  deforma¬ 
tion  in  a  very  thick  plate  due  to  an  expanding  cylin¬ 
drical  hole  is  studied.  This  is  based  on  end  is  an  ex¬ 
tension  of  work  dealing  with  a  similar  problem  in 
which  propagation  effects  ere  ignored.14  The  second 
analysis  deals  with  the  propagation  of  a  plane  pres¬ 
sure  pulse  across  the  thickneu  of  a  plate,  with -the 
reflection  of  the  pulse  on  the  far  side  and  with  the 
spalling  that  occurs  there  aa  e  result 
Some  experimental  work  on  the  mechanism  of 
projoctile  penetration  was  carried  out  at  the  California 
Institute  of  Technology.44 

• 

iu  EFFECT  OF  IMPACT  VELOCITY  ON 
MECHANICAL  PROPERTIES  OF  MATERIALS 

The  object  of  this  work  wu  to  dotermine  in  what 
way  and  how  gTeatly  the  mechanical  properties  of  a 
material,  such  as  yield  strength,  ultimate  strength-, 
strain  at  rupture,  etc.,  are  affected  by  the  impact  ve¬ 
locity  at  which  deformation  is  produced.  Most  of  this 
work  was  at  very  rapid  rates  of  .  straining  in  which 
specimens  6  to  12  in.  long  were  broken  at  velocities 
up  to  200  fps.  One  series  of  tests  was  run  at  much 
lower  rates,  of  the  order  of  a  fraction  of  an  inch  per 
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minute.  Nearly  all  testa  wen  on  mettle,  mostly  steak; 
one  series  employed  nylon.  The  work  wee  almost  sn- 
tirelj  experiment*}  but  with  analytes  aimed  at  ex¬ 
plaining  or  Interpreting  the  experimental  results. 

The  work  was  conducted  under  four  contracts,  of 
which  the  largest,  at  the  California  Institute  of  Tech* 
nology,  waa  transferred  to  NDRC  Division  IB  in 
January  1944.  The  experimental  work  carried  out  at 
the  California  Institute  of  Technology  both  before 
end  after  this  transfer  is  outlined  in  the  8TB  of 
Division  18  to  which  reference  should  be  made. 

11X1  High-Speed  Compression  Testing 

This  work  waa  started  under  contract  with  the 
University  of  Pennsylvania  end  wee  transferred  to 
the  Carnegio  Institute  of  Technology  in  the  fell  of 
1942.  The  original  purpose  was  to  determine  the  dif¬ 
ferent*  in  the  force  required  to  compress  copper 
crusher  spheres  end  cylinders  by  e  given  amount 
dynamically  and  statically.  Crushers  are  used  for 
measuring  the  explosive  pressures  in  guna,  being 
placed  in  a  cylinder  dosed  at  one  end  and  with  a 
piston  or  plungor  closing  the  other  end  and  in  con¬ 
tact  with  the  crasher.  The  fer  aide  of  the  piston  is 
connected  to  the  chamber  Oi  the  gun  whose  pressure 
is  to  be  measured.  Explosion  forces  the  piston  against 
the  crusher,  compressing  it  by  an  amount  that  is 
used  as  the  measure  of  thj  maximum  pressure  in  the 
gun.  The  crushers  are  ctlibralod  ststi  -slly  and  it  was 
believed  that  the  static  force-deformation  relation 
might  uot  bo  rcliablu  in  giving  the  impulsive  force. 
Work  woe  not  confined  to  copper  cruihera,  ho  worn; 
specimens  of  armor  steels  were  also  tested. 

ArranaTua 


The  testing  machine4*-44  (Figures  3,  4,  and  fi) 
consists  essentially  of  a  heavy  steel  wheel  which  is 
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Fionas  3.  Top  viow  of  bi^h-spooJ  oomprttnoa  machine. 


rotated  at  the  desired  speed  by  a  %-hp  d-a  motor. 
Peripheral  speeds  ranging  from  about  7  to  100  fpa 
are  possible,  although  ell  tests  hsve  boon  in  the  range 
between  16  and  60  fpa.  Near  the  periphery  of  the 
wheel  aro  two  home  mounted  on  bearings.  Normally, 
these  are  cocked  back  within  the  circumference  of  the 
wheel  but  when  released  by  a  solenoid  trigger  they  ore 
swung  out  boyond  the  periphery  by  two  heavy  coil 
springs  into  position  for  striking  and  compressing 
the  specimen.  The  hammer  is  supported  between  the 
home  end  fits  into  e  niche  in  the  wheel  when  in  the 
retracted  position.  A  %-in.  notched  steel  rod  possea 
through  the  hammer  and  tho  two  horns,  holding  the 
former  in  place.  Tho  amount  of  compression  of  the 
specimen  is  limited  by  two  adjustable  hammer  stops 
which  are  struck  by  tho  ham  mar  after  the  deal  rod 
compression  lias  taken  place.  Tho  rod  supporting  the 
hammer  is  then  sheared  off  st  the  notches,  allowing 
the  haimnor  to  be  withdrawn  from  the  neighborhood 
of  the  wheol  by  two  coil  springs  to  which  it  becomes 
attached  upon  impact 
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The  font  applied  is  measured  by  a  two-cryetal 
quarts  piezoelectric  gauge  mounted  between  th*  ham* 
mar  stop*.  The  ipedmen  to  be  oompresasd  is  nor* 
mally  from  %  to  Vi  in.  long  and  is  placed  directly  on 
top  of  the  crystal  unit.  Tha  charge  generated  on  th* 
crystals  by  th*  compression  force  is  fed  into  th*  hori* 
sootal  component  at  a  cathode- ray  oscillograph 
fCEC],  giving  tha  spot  a  horizontal  displacement 
proportional  to  the  force.  Calibration  of  tha  crystal 
and  oscillograph  is  obtained  by  applying  a  known 
atatio  force  to  tha  crystal  and  releasing  it  suddenly, 
at  tha  tame  tuna  photographing  the  horisontal  dis¬ 
placement  of  the  oscillograph  spot  The  vertical  com¬ 
ponent  of  the  oecillognph  trace  is  the  deformation 
of  th*  specimen,  being  controlled  by  a  beam  of  light, 
aimed  et  a  photoelectric  cell  connected  to  the  ver¬ 
tical  component  of  the  oecillograph,  which  is  cat  oil 
by  the  motion  of  the  hammer  during  impact 

ExnmiXKCTAL  Bssutxs 

Force-doformation  curves  have  been  obtained  for 
mail-arms  copper  cylinders,  copper  spheres,  and  for 
cylinders  of  armor  steel.  In  each  material  the  dynam¬ 
ically  obtained  relation  is  from  15  to  30  per  cent  above 
the  static  relation  (i.e.,  the  force  required  dynamically 
is  greater  by  this  amount  than  the  etatic  foroe  to  giv* 
an  equal  deformation).  Furthe, more,  the  dynamic 
curve  is  not  smooth  but  consists  of  a  aeries  of  atepe 
presumably  corresponding  to  the  successive  reflec¬ 
tions  of  the  stress  wave  at  the  end  of  tha  teet  speci¬ 
men. 

Table  1  summarises  the  results4***  obtained  for 
0.400-in.  copper  cylinder*  of  a  particular  brand.  It 
will  be  noted  that  the  magnitude  of  the  apeed  effect 
appears  to  chaage  very  little  over  tho  whole  range  of 
dynamic  teats,  being  about  25  per  cent  Other  brands 
of  copper  cylinders  of  the  same  dimension*  as  those 
in  Table  1  and  also  supplied  by  Fronkford  Arseual 
were  tested  end  found  to  give  similar  result*. 


Tabu  1.  8 pood  effect  In  0.4-tn.  copper  crusher  cylinders 
by  compression  Impact,  act:  0.12  in.* 


Rata  of  strata 
(•ao-*) 

Averse*  ratio  of  dynamlo 
to  sUtio  stress 

30 

1.25 

470 

1.20 

705 

1.24 

040 

1.30 

1175 

1.28 

1410 

1.28 

1045 

1.29 

^Tnuid i  b/  FruUord  AjmuI  DMcuUos  el  m*Ul:  IMS  P.  O. 
43-aUOWUt  U  auttlad  Is  (Mater  IMS. 
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Testa  on  copper  spheres  showed  muds  more  vari^ 
tioa  between  similar  specimens  than  did  tit*  ted*  m 
cylinders;  there  appeared  to  be  a  speed  effect  aver* 
aging' about  20  per  cent4*  Because  of  the  lade  of 
reproducibility  of  results,  spheres  appear  to  b*  leas 
ltd  tad*  for  use  as  crushers  then  do  cylinders. 

Measurements  on  ipedment  of  homogeneous  armor 
0.375  in.  long  and  0.171  In.  In  diameter  showed  • 
speed  affect  of  between  SO  and  S5  par  eent  for  strain 
rates  up  to  1,500  seer*.  These  results  were  obtained 
during  the  early  stage*  of  tha  project  and  era  not 
believed  to  be  u  reliable  as  th*  results  on  copper. 

Ahalybks  or  Tiara 

A  calculation  of  the  expected  force-time  relation 
during  dynamic  compression  of  copper  cylinders  was 
made,41  using  the  method  of  analysis  based  on  plastio 
wsve  propagation  that  is  described  in  Section  ISA. 
This  shows  that  the  force  during  impact  should  con¬ 
tain  a  number  of  smell  stops  instead  of  being  perfectly 
continuous;  these  atepe  are  observed  in  the  experi¬ 
ments.  The  calculated  force  is  found  to  be  emaller 
than  tha  measured  force  and  the  amount  of  this  dif¬ 
ference,  which  is  approximately  the  amount  given  in 
Table  1,  ia  believed  to  be  due  to  a  difference  in  the 
static  and  dynamic  stress-strain  relations  of  the 

i.nteytel 

A  calculation  has  been  made  of  the  amount  of  addi¬ 
tional  deformation  produced  in  a  specimen  after  re¬ 
moval  of  the  dynamic  load  and  due  to  ite  own  in¬ 
ertia.**  It  wu  found  that  this  additional  flow  ia 
negligible  in  situations  corresponding  to  tha  normal 
uses  of  copper  crusher  gauges. 

Tuts  oh  Loho  Sfecihins 

Compression  tests  on  specimens  about  19  in.  long 
were  conducted  et  the  California  Institute  of  Tech¬ 
nology.  These  were  deaigned  to  investigate  the  propa¬ 
gation  phenomeuc  under  compressive  loading  by  meth¬ 
od*  similar  to  tboso  used  in  tension  and  to  attempt  to 
correlate  the  results  with  analysis.” 

High-Speed  Tensile  Testing 

Practically  all  of  the  high-speed  tensile  teats*441 
made  for  the  division  were  carried  out  at  the  Cali, 
fornia  Institute  of  Technology.  Since  all  experimen¬ 
tal  work  under  this  contrast  is  reported  in  the  STB 
of  Division  18,  to  which  this  project  was  transferred 
in  January  1944,  only  a  brief  description  of  the  equip¬ 
ment  used  and  of  the  nature  of  the  testa  will  be 
given  here. 
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Airmm  the  tore*  in  tie  specimen  U  normally  nude,  although 

Two  type*  of  machines  wera  used  One  •,  a  *»cb  measurements  are  possible.  In  making  a  t oat, 

rotary  machina  capable  of  peripheral  epetd*  np  to  the  hammer  ia  raised  between  the  guide  rails  by  meana 
about  200  fpe  and  naed  with  specimens  up  to  18  in.  of  a  winch,  thus  stretching  the  rubber  bands.  When 
long.  This  consists  of  a  large  wheel  with  two  tha  hammer  ia  released  it  accelerates  rapidly,  acquir- 

flnd  hone  near  tha  periphery.  Impact  iu  produced  “hi  a  velocity  of  any  amount  up  to  about  200  fps,  de- 
hj  mechanically  inserting  a  yoke  directly  une’er  the  peuduiff  on  the  distance  raised  and  on  the  number  of  • 

rubber  hands.  The  velocity  at  the  time  of  striking  tha 
specimen  ia  measured  electrically.  The  hammer  ia 
brought  to  rest  by  a  braking  system  attached  to  the 
raila  of  the  machine. 

UJJ  Low-Speed  Tensile  Testa 
Theta  were  carried  out  at  the  Wcstinghouse  Be- 
search  Laboratories  and  comprised  two  series  of 
tests.*1***  In  the  first  scries,  nylon  fibers  and  flat 
stripu  were  stretched  at  ratca  rangir.g  from  0.0048  to 
8.70  in.  per  sec.  Tho  specimen  gauge  lengths  were  8 
and  3  in  The  object  of  thia  series  was  to  study  tha  be¬ 
havior  oi  e  material  having  a  very  definite  yield  point 
subjected  to  various  rates  of  atretchiug.  Such  a  mate¬ 
rial  does  not  stretch  uniformly  from  the  beginning  as 
do  materials  that  liavo  no  definite  yield  point  Instead, 
plastic  stretching  for  the  full  amount  of  the  yield 
stretch  firtt  occurs  suddenly  at  one  point  of  the  sped- 
wheel  which  permits  contact  of  Use  horns  v/ith  tha  tup,  nun.  From  this  section  two  yield  fronts  travol  toward 
which  is  attached  to  one  end  of  the  test  specimen,  the  ends  of  tho  specimen.  Betwcon  them  tho  material 
The  specimen  is  thereby  stretched  and  broken  in  ten¬ 
sion,  causing  the  fixed  end  to  exert  a  force  on  the  steel 
dynamometer  to  which  it  la  attached.  The  extension 
of  the  dynamometer  altors  the  resistance  of  its  wire 
winding.  This  impresses  a  potential  on  a  CKO  end 
permits  recording  the  dynamometer  force  us  s  func¬ 
tion  of  time.  This  machine  has  bceu  used  for  inves¬ 
tigating  the  effect  of  impact  volocity  on  the  force-time 
relations  of  various  materials.  Figure  d  shows  details 
of  the  rotary  machine. 

Tho  other  ia  a  guillotine-type  machine  (Figura  7) 
and  is  used  for  specimens  of  lengths  up  to  several  feet 
in  tenaion,  for  compression,  and  for  lateral  bending  of 
beams  and  plates.  It  is  therefore  used  mainly  for  in¬ 
vestigating  propagation  phenomena,  although  conclu¬ 
sions  regarding  the  impact-velocity  effect  can  be  ob¬ 
tained  from  it  as  well  as  from  the  rotary  machine.  The 
machine  consists  of  s  pair  of  vertical  steel  roils  be¬ 
tween  which  slides  a  hammer  attached  to  very  heavy 
rubber  bauds.  A  tensile  specimen  passes  through  a 
hole  in  the  center  of  the  hammer  and  has  at  its  lower 
end  a  steel  block  too  large  to  past  through  this  hole. 

The  upper  end  of  the  tensile  specimen  is  attached  to 

the  framework  of  the  machine.  No  measurement  of  Fioonn  7.  Vertical  impact  testing  machine. 
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has  it*  lull  yield  stretch;  beyond  them  there  hu  been 
no  plastic  yielding  at  all.  Not  until  tha  entire  sped* 
men  baa  been  covered  by  the  advancing  yield  fronts 
does  uniform  deformation  begin,  which  continues  un¬ 
til  necking  occurs.  This  behavior  is  characteristic  of 
mild  steels. 

The  aooond  series  of  tests  was  conducted  eat.  the 
mode  of  yielding  cf  mild  steel  st  rates  of  stretching 
ranging  from  7.8  X  10**  to  1.64  X  10*'  in.  per  minute. 
Tha  variables  studied  were  eccentricity  of  loading, 
lengtb-to-width  ratio  of  the  specimen,  speed  of  stretch* 
iug,  and  rigidity  of  the  testing  machine. 

|  Certain  preliminary  work  on  the  propagation  of 
yielding  in  materials  having  a  well-defined  yield  point 
was  carried  out  at  the  California  Institute  of  Tech¬ 
nology.** 

U-M  Pure  Strain  Rate  Testa 

In  investigations  of  longitudinal  impact  the  results 
have  generally  been  expressed  ts  force-time  curves 
during  stretching,  obtained  at  definite  impact  veloci¬ 
ties.  These  results  cannot  be  used  to  determine  the 
effect  of  rate  of  straining  on  mechanical  properties,  in 
particular  ou  the  *  Vets  strain  relation,  because  in 
each  teat  the  rate  o i  shaming  varies  over  very  wide 
limits.  Consequently,  the  results  of  longitudinal  im¬ 


pact  tests  must  be  expressed  in  terms  of  impact  veloo* 
ity  and  not  in  terms  of  rat*  of  straining. 

In  order  to  investigate  the  effect  of  pure  strain 
rate'*-**  on  the  properties  of  materials,  special  equip¬ 
ment  was  devised  at  the  California  Institute  of  Tech¬ 
nology  in  which  a  tubular  specimen  was  employed. 
Deformation  was  obtained  by  means  of  fluid  press ur* 
within  the  specimen.  Strain  rates  up  to  about  200  in. 
per  in.  per  sec  were  attained.  See  also  the  Division  18 
STB. 

u-u  Preliminary  Work  on  Rapid  Loading 

Soma  preliminary  teats**'**  have  been  carried  out 
at  the  California  Institute  of  Technology  on  rapid 
loading  in  contrast  with  impact  loading.  In  impact 
loading,  some  particle  or  section  of  a  structural  mem¬ 
ber  it  almost  instantaneously  set  into  motion,  whereae 
in  rapid  loading  a  particle  or  section  is  set  into  mo¬ 
tion  more  or  leu  gradually.  It  has  been  shown  in  the 
pure  strain-rate  teats  that  the  proportional  limit  of  a 
material  ia  increased  with  increasing  rate  of  strain. 
The  work  on  rapid  loading  was  directed  primarily  at 
determining  tho  time  that  a  given  stress  could  be 
maintained  at  a  given  value  when  reached  rapidly, 
without  causing  permanent  deformation.  The  prelimi¬ 
nary  testa  were  not  conclusive,  but  indicated  the  desira¬ 
bility  of  continuance  of  the  study. 
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Chapter  IS 


DEFORMATION  OF  STEEL 

t&>  INTRODUCTION 

as  object  of  thU  investigation  *u  to  examine  the 
behavior  of  steel,  especially  armor  steels,  under  oon- 
ditioni  somewhat  comparable  to  those  occurring  dur¬ 
ing  projectile  penetration,  namely,  involving  large  de¬ 
formations  and  high  stresses.*  Before  the  initiation  of 
this  work  in  the  Division  it  was  known  that  under  hy¬ 
drostatic  pressures  of  the  order  of  300,000  to  500,000 
psi  the  ductility  of  ordinary  steels  is  greatly  increased 
and  that  there  are  measurable  increases  in  superficial 
hardness.1  Also,  it  had  just  been  established  at  the 
Naval  Research  Laboratory  (NHL]  that  the  average 
presaur  the  nose  of  a  projectile  while  penetrating 
armor  »  is  of  the  same  ordor.*  It  was  therefore 
evident  that  an  adequate  understanding  of  the  process 
of  armor  penetration  would  have  to  consider  the  modi¬ 
fication  in  the  properties  of  the  steel  brought  about 
by  tho  stresses  generated  by  the  projectile;  this  was 
the  reason  for  tho  initiation  of  this  investigation. 

Lack  of  Correlation  between 
Ballistic  Behavior  of  Armor  and  Ita 
Ordinary  Mechanical  Propertiea 

At  the  beginning  it  was  hoped  that  measurements 
of  the  effect  of  hydroetstic  pressure  on  the  mechanical 
properties  of  armor  plate  might  afford  an  immediate 
answer  to  a  question  that  was  st  that  time  of  great 
practical  importance,  and  the  first  measurements  were 
directed  toward  this  end.  The  problem  was  to  explain 
the  frequent  lack  of  correlation  between  the  ballistic 
performance  of  a  piece  of  amor  under  actual  firing 
testa  and  the  ordinary  mechanical  properties  of  the 
plate  at  determined  on  small  specimen!  cut  from  it 
It  was  hoped  that  the  effect  of  hydrostatic  pressure  on 
various  properties,  such  as  tensile  strength,  ductility, 
and  hardness,  might  by  adding  new  physical  proper¬ 
ties  to  tho  list  of  properties  already  known,  make  it 
possiblo  to  effect  a  correlation  between  ballistic  be¬ 
havior  arm  the  complete  set  of  properties  in  those 
cases  where  the  correlation  was  not  possiblo  with  tho 
more  restricted  set 

The  early  measurements  were  tnado  with  this  im¬ 
mediate  practical  purpose  in  view,  but  it  was  some 

*  Per  tnont  to  War  Department  Projects  CE-5  and  CE-fl 
and  to  Navy  Department  Project  NO-11. 


UNDER  HIGH  PRESSURE 

time  before  the  measurement#  could  be  applied  to  an¬ 
swering  the  question  directly  because  ef  the  difficulty  • 
of  obtaining  samples  of  plates  that  had  failed  In  the 
ballistic  test  By  the  time  such  samples  were  obtained, 
so  much  practical  experience  had  been  gained  by  other 
investigators  that  the  matter  wu  felt  to  be  well  un¬ 
derstood  and  the  problem  no  longer  important  The 
apparent  lack  of  correlation  between  ballistic  behaving 
and  ordinary  mechanical  properties  appeared  only  in 
plates  that  had  rather  largo-eca'.o  mechanical  defects 
or  chemical  inhomogeneiUaa. 

Long-Range  Significance 
of  Investigation 

The  principal  purpose  of  the  inveatigatioa  shifted 
therefore  from  the  original  one,  involving  metiers  of 
immediate  practical  importance,  to  one  of  more  long- 
range  significance,  for  it  wu  still  obvious  that  a  satis¬ 
factory  rnatysia  of  the  proceu  of  armor  penetration 
would  havo  to  take  account  of  the  behavior  of  the  plate 
during  penetration.  A  systematic  investigation  was 
therefore  indicated  in  which  the  effect  of  such  vari¬ 
ables  as  heat  treatment  and  composition,  especially 
carbon  content,  would  be  determined.  Such  an  investi¬ 
gation  wu  carried  out. 

MECHANISM  OF  DEFORMATION 
UNDER  LARGE  HYDROSTATIC  PRESSURES 

The  deformation  of  a  material  is  determined  by  the 
internal  stresses.  These,  in  turn,  are  normally  pro¬ 
duced  by  a  set  of  oxtemal  loads.  Tho  state  of  atreu  at 
a  givon  point  can  be  beat  understood  by  thinking  of  a 
very  small  cube  within  the  body  surrounding  the 
point.  On  each  face  uf  this  cube  there  acts  a  stress 
whose  direction  it  not  generally  normal  to  the  face.  As 
the  cube  is  rotated  about  the  given  point  of  the  body 
tlie  stresses  on  its  several  faces  will,  in  general,  change 
in  both  magnitude  and  direction.  It  can  be  tnown, 
however,  thot  there  ie  one  orientation  of  tho  cube  for 
which  tbo  stress  on  each  face  is  perpendicular  to  that 
face.  The  threo  directions  in  the  body  that  are  perpen¬ 
dicular  to  the  faces  of  this  cube  are  called  the  princi¬ 
pal  directions  at  the  point,  and  the  corresponding 
stresses  on  the  faces  of  the  cube  are  the  principal 
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ilrtuu.  Sine*  tha  cube  is  very  small,  tha  stream  on 
opposing  pair*  of  face*  art  equal.  lienee  there  are 
three  principal  stresses  at  each  point  of  a  body.  One  of 
theae  ia  the  biggeet  and  another  the  unallest  of  all  the 
atreeaea  found  when  rotating  the  cube  about  the  point 
in  consideration.  Several  particular  etatea  of  (treaa 
may  be  mentioned,  la  hydrostatic  ttrtu  not  only  are 
the  three  principal  atreeaea  at  a  point  equal  to  each 
other  (and  havo  the  aame  sign),  but  there  ia  no  change 
in  the  atreeaea  acting  on  the  fncea  of  the  imaginary 
cube  aa  it  ia  rotated.  A  uniaxial  atate  of  strcaa  occur* 
during  tho  ordinary  tenaile  or  compreaaive  teat  In 
thia  case  two  of  the  principal  atreasee  are  zero  and  the 
third  ia  equal  to  and  parallel  to  the  atreaa  applied  ax* 
tcrnally  to  the  apccimen.  Any  two  atatca  of  atreaa  can 
be  combined  simply  by  super  position.  If  the  principal 
directions  ere  the  a&me  in  both  states  or  one  ia  in  the 
bydroatatio  atate,  the  principal  directions  are  not 
changed  by  such  superposition. 

Tho  behavior  of  a  ductilo  material  such  as  steel  un* 
der  loads  is  affected  by  two  distinct  mechanisms,  de¬ 
formation  or  flow,  and  ruplurt.  The  deformation  of 
a  ductile  material  depends  primarily  on  differences 
between  principal  stresses,  and  thus  is  only  moderately 
affected  by  a  superimposed  hydrostatic  pressure.  The 
rupture  of  such  a  material,  on  the  other  hand,  de* 
pends  primarily  on  the  absolute  magnitudes  of  tha 
stresses  acting.  Consequently,  a  superimposed  hydro* 
static  pressuro  will  tend  to  inhibit  (he  rupture  that  a 
second  system  of  forces  tends  to  produce. 

Thus,  if  the  standard  tensile  test  is  used  on  a  due* 
tile  raatcriul  and  is  arranged  so  that  the  whole  ap¬ 
paratus  can  be  immersed  in  fluid  under  pressure,  the 
following  results  are  expected :  under  small  auperim- 
posed  pressures  the  normal  stress-strain  relation  is 
obtained.  If  this  is  represented  not  in  tho  usual  way 
but  in  terms  of  iru*  itrejj  and  natural  ttrain*  the 
relation  consists  of  a  straight  initial  portion  (clastic 
region),  a  curving  transition  Tanga  near  tho  ond'  of 
which  necking  begins,  and  a  more  or  less  straight  final 
portion  having  a  positive  elope  and  ending  at  the  rup¬ 
ture  point.  The  alopo  o!  this  line  it  the  so-called  rate 
of  sv.u'n-hordcning,  corresponding  to  the  fact  that  de¬ 
formation  causes  an  increase  in  hardness  oi  in  resist¬ 
ance  to  lurthor  deformation.  The  point  of  rupture  is 
tho  point  at  which  the  steadily  increasing  stress  re- 

s  Tho  (rut  strut  oquslt  tbs  tonsils  foros  divided  by  tbs 
actual  minimum  crou-cootioDtl  aroa,  not  tho  original  arcs. 
Ths  natural  ttra(n  is  equal  to  log,  A0/A,  urb».rs  A*  U  tbs 
original  croui-ccctlonal  area  and  A  ilia  ana  titer  d-Jonnatlon, 
■  In  plastic  flow  tbs  ratio  of  areas  is  equal  to  tbs  ratio  of 
lengths,  throe  volume  is  conserved. 


quired  for  deformation  attains  tha  valna  necessary  for 
tensile  faihua. 

Under  a  large  hydrostatic  pressure  tha  relation  ha* 
tween  strains  *nd  the  additional  applied  tenaile  (treat 
will  be  nearly  unchanged.  Slightly  increased  tiros  see 
may  be  required  at  a  given  stage  of  deformation  ha* 
cause  of  tha  internal  frictional  resistance  caused  by 
the  exterior  pressure.  However,  rupture  will  ha  eon* 
aiderably  postponed.  The  stresa-etrain  miction  will 
then  continue  to  a  value  of  the  applied  stress  exceeding 
the  normal  rupture  stress  by  an  amount  greater  tha 
greater  the  hydrostatic  pressure.  In  this  way  it  i«  poa* 
sible  to  attain  deformation*  very  much  exceeding 
those  normally  reached  in  tenaile  testa.  Sine*  vary 
large  straint  occur  in  the  neighborhood  of  projectile  * 
penetrations  it  is  desirable  to  know  how  much  strain* 
hardening  occurs,  and  whether  there  ia  a  continuous 
increase  of  stress  with  deformation  or  a  leveling  oi . 
at  some  limiting  stress. 

UA  APPARATUS  AND  METHODS  OP 
MEASUREMENT 

a 

Tha  tensile  specimen  used  has  a  gauge  length  of 
approximately  0.47  in.,  a  diamotur  >f  about  0.180  in., 
and  an  overall  length  of  1.10  in.  It  is  mounted  in  a 
double-yoke  mechanism  which  exorte  a  tensile  force 
on  tho  -pecimcn  when  the  yoke  is  compressed.  This 
assembly  is  placed  in  the  cylinder  of  tha  high-pressure 
apparatus  and  is  completely  immersed  in  the  pressure* 
transmitting  fluid  (i-pentone  was  used  in  these  tests). 
Within  tho  cylinder  there  is  also  an  electrical  device 
(called  a  grid  became  of  its  shapo)  for  measuring 
the  teLsilo  force,  and  a  manganin  resistance  gauge  for 
measuring  the  pressure.  A  piston,  advanced  by  a  hy¬ 
draulic  press,  produces  hydrostatic  pressure  in  the 
fluid  and  at  the  same  time  comp'osee*  the  yoke, 
stretching  tho  specimen.  Tho  use  of  spacers  between 
piston  and  yoke  or  different  quantities  of  fluid  permits 
changing  the  mean  hydrostatic  pressure.  Pressures  np 
to  450,000  psi  can  be  reached  with  the  equipment 
used. 

The  pressure  and  the  force  on  the  specimen  are 
measured  electrically  during  a  tech  The  distortion  of 
the  specimen  can  be  Actcrmiued  from  the  movement 
of  the  piston  after  making  corrections  for  the  deforma¬ 
tion  of  tho  mechanism.  In  addition,  the  final  dimen¬ 
sions  and  shape  of  the  specimen  are  recorded  at  tha 
end  of  a  test.  From  these  data  are  obtained  the  atress* 
strain  relations  under  hydrostatic  pressure.  It  should 
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be  noted  that  during  necking  of  the  specimen  the 
ctrein  tioog  the  specimen  cannot  be  determined  from 
the  total  extension,  since  the  strain  is  not  uniform. 
Consequently,  only  the  strain  at  the  end  of  the  test, 
when  measurements  can  be  made  in  the  open,  is 
known.  Thus  a  series  of  points  below  the  necking 
point  and  a  single  arbitrary  point  beyond  can  normally 
be  obtained  from  a  tingle  specimen. 

Vet's  of  superficial  hardness,  one-sided  compres¬ 
sion,  and  punching  shear  were  also  made  in  the  ap¬ 
paratus  just  described  by  substituting  suitable  mecha- 
'  nisma  for  the  yoksw 

More  detailed  descriptions  of  the  eqoipment  and 
technique  are  given  eIeewhere.,,M,*,M 

us  TEST  PROGRAM 

Tensile  Testa 

In  all,  35  different  steels,  mostly  armor  piste,  were 
tested  in  this  program.  Nearly  350  individual  tests 
were  made.  These  are  divided  ini*:  five  series  described 
'below. 

First  Sants 

In  this  series,*  56  tests  were  made  on  24  different 
Navy  armor  steels,  all  ballisticslly  satisfactory. 
Nearly  all  of  these  tests  were  made  either  at  atmos¬ 
pheric  pressure  or  in  the  highest  pressure  range  pos¬ 
sible,  namely,  300,000  to  460,000  psi  at  the  and  of  a 
teat  A  number  of  specimens  were  cut  with  different 
uri  stations  in  the  original  plate,  in  order  to  allow 
investigation  of  the  effect  of  orientation  on  behavior. 
Second  Series 

In  this  series,*  four  types  of  Navy  armor  (two  of 
them  included  in  the  first  eerice),  all  ballietically  sat¬ 
isfactory,  received  36  testa.  This  series  was  tested  at 
hydrostatic  pressures  ranging  from  atmospheric  to 
about  225,000  pai.  The  effect  of  specimen  orientation 
with  respect  to  the  original  plate  was  examined  more 
extensively  then  in  the  first  so  ties. 

Tittup  Semes 

In  this  series,*  62  testa  at  hydrostatic  pressures 
ranging  from  atmospheric  to  200,000  pai  were  made 
on  four  Navy  armor  stools,  one  of  which  hod  been 
t  uted  before.  Two  of  the  new  plates  were  not  accept¬ 
able  ballistics!)  y. 

Fourth  Semes 

In  this  series,*  49  tests  wore  made  et  hydrostatie 
pressures  ranging  from  atmospheric  to  400,000  psi  os 
samples  of  four  Navy  armor  steels  of  inferior  balUstio 
performance. 


Fifth  Snm 

la  this  series,  140  bests  were  made  as  follows :  10 
on  a  0.34C  steel  aa  received,  62  on  a  0.45G  steel  la 
seven  different  heat  treatments  and  u  received,  8 
testa  on  a  0.68C  steel  as  received,  and  60  tests  on  a 
0.9  QC  steel  in  six  heat- treatments  and  aa  received. 
These  were  made  at  hydrostatic  pressures  ranging 
from  atmospheric  to  400,000  psi.  The  object  of  this 
series  of  tests  was,  of  course,  to  determine  the  effect  of 
variation  of  composition  and  heat  treatment  of  steels 
on  their  behavior  under  large  hydrostatio  pressures.* 

Hardness  Teats 

These  tests*1*  were  made  only  during  the  early  part 
of  the  work,  since  it  was  felt  that  the  change  of  super¬ 
ficial  hardness  with  pressure  (in  the  Brinell  scale, 
roughly  5  per  cent  for  a  pressure  increase  of  150,000 
psi)  wsa  too  small  to  be  important  in  the  present  state 
of  penetration  theory.  Hardness  tests  were  made  on  10 
different  Navy  armor  steels  that  were  also  included  in 
the  tension  program. 

U-44  One-Sided  Compression  Combined 
with  Hydrostatio  Pressure 
The  apparatus  was  completed  just  before  the  end  of 
the  contract  undor  which  this  work  was'  performed. 
Consequently,  tests  were  made  on  only  one  type  of 
steel.* 

U.S.*  Punching  Combined  with 
Hydrostatio  Pressure 

These  tests  wc  performed  at  hydrostatic  pressures* 
ranging  from  atmospheric  to  225,000  psi  on  threo 
heat  treatments  each  of  the  0.45C  and  0.90C  steel  used 
in  the  last  scries  of  tension  tests. 

U  4J  One-Sided  Compression  of  Steel  to 
Lnrge  Strains  (without  Hydrostatic  Pressure) 
Tests  were  mode  on  three  specimens  cut  in  mutually 
perpendicular  directions  from  one  piece  of  armor 
steel.'  Theca  were  compressed  to  s  final  length  ap¬ 
proximately  5  per  cent  of  the  original  length. 

U4  RESULTS 

1111  Phenomena  Investigated 

The  measurements  were  aimed  primarily  at  investi¬ 
gating  two  different  aspects  of  the  effect  of  pressure 
on  tensile  phenomena.  The  first  aspect  embraces  tha 

•  See  Table  1  and  Figure  1  to  5  of  this  chspfer  for  details 
of  treatment  and  results  of  tbo  U»t*  of  the  0.46C  steel. 
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ftaoMw  ef  sixain-hardening  which  wee  brim 
nphui  in  Cm  N|iaa  of  pi  stoic  flow.  The  second  as- 
pact  conn  tto  ptonomana  of  rupture.  la  (uanl,  dif¬ 
ferent  types  of  maaanramsnt  tree*  meda  lor  tha  two 
kind-  of  phiMu— a  T«  Cm  *t  strain-hardening, 
caracal  aptcuatm  were  atraftetod  by  difUreat  aaoa-is, 
allowing  Cm  /&m  to  to  determined  m  fnettoa 
of  strain.  Tha  flew  atreaa  k  aloaoij  oonawtad  with  tha 
ao-callad  Inu  atone  defined  as  the  total  tensile  Iona 
divided  by  tha  crow  aactional  ana  of  the  nock.  This 
traa  etrvee  ^.uld  more  properly  to  coiled  tha  aaarag « 
frae  iir*ct,  bacaoea  Um  lira  k  not  constant  aenaa 
tto  aoccko,  but  vaiiaa  by  virtoa  of  tba  deviation  of  tha 
nd  from  a  straight  cylindrical  cootov*r  tto  dagna  of 
depart u  .e  ot  tha  atron  from  uniform!  /  being  greater 
tha  grantor  tto  mrvatnrs  of  tha  oontour  at  tto  neck. 
Tto  method  of  corroding  tto  true  atreaa  lor  this  lack 
of  onuonnity  ao  as  to  ohtoia  tha  ■jgntftxnnt  flow  atraas 
has  been  ducaacd  in  detail  elsewhere.*** 

Baiunon  Bstwskx  Flow  Scans  aw 
f'taauf  iv  Tutaiui 


fracture  against  tha  kydroataHa  praiaara  at  tha  iaitont 
of  fracture.  Tto  gawnatriiwl  As  radar  of  fractars  k  to 
general  complicated,  bat  at  laoat  ana  aspect  of  it  leads 
itself  to  fr&msricel  representation.  At  atmoaptork 
prcaaan  tto  Inctan  ad  tto  stoala  studied  tort  k  na¬ 
sally  od  tto  aop-ooba  typo.  Tha  bottom  ad  tha  wap  k 
sharply  onoogb  defend  to  thorn  asparimanto  to  par- 
nit  ■  ease  ram  n>t.  and  tto  Inctan  my  to  character- 
ised  by  tto  ratio  of  tha  ana  ad  tto  tensile  part  to  tto 
total  croaa  section!  ana  of  tto  break. 


TamI.  Uehke'totlmteaMamlidto 
&46C  atari. 


tampered  000  1 


When  flow  straw  k  plotted  against  natural  strain 
(Section  13.fi),  an  approximately  linear  relation  k 
found  at  stresses  above  that  at  tha  initiation  of  neck¬ 
ing.  By  performing  tto  experiment  under  hydrostatic 
pressure  it  is  possible,  because  of  tto  very  much 
greater  range  of  atrain  attainable  under  pressure  with¬ 
out  fracture,  to  establish  this  relation  with  much 
greater  accuracy  than  would  be  possible  from  meas¬ 
urements  made  at  atmospheric  pressure  only.  To  a 
feat  approximation,  the  relation  betooan  flow  atraas 
and  strain  is  independent  of  tto  hydrostatic  pressure 
under  which  tha  experiment  la  made,  and  tha  results 
iivre  usually  been  represented  on  this  basis.  Recently, 
however,  in  count  work  dona  at  Harvard  University 
for  tha  Watertown  Arsenal  the  accuracy  of  tha  meae- 
urareenti  baa  been  sufficiently  increased  to  discloee  a 
small  effect  of  pressure  on  tto  relation  between  flow 
stress  and  strain,  tto  Boy  strew  for  a  given  .  rain  be¬ 
ing  alight’ y  increased  by  pressure.* 

r&BiKHUUrA  OX  FnACTOS* 

Tto  second  aspect  ot  tensile  phenomena  under  pres¬ 
sure,  fracture,  itself  presents  two  aspects ;  the  first  is 
the  way  in  which  the  atrain  at  which  fracture  occurs  is 
affected  by  pressure,  which  may  be  exprewd  otherwise 
fui  tha  effect  of  pressure  on  ductility ;  and  the  .econd  is 
toe  change  in  the  geometrical  appearance  of  tto  frac¬ 
ture  with  pressure.  The  effect  of  pressure  on  ductility 
may  be  exhibited  graphically  by  plotting  the  strain  at 


****  Effect  of  Hydrostatic  Pressure  on 
Tensile  Properties 

As  illustrations  of  tto  affects  discussed  in  this  sec¬ 
tion  Figures  1  to  &  am  presented.*  These  show  tto  re¬ 
sults  of  measurements  made  on  samples  of  a  medium 
carbon  steal  (com position:  0.45C,  063 Mn,  O016P, 
0.03 r<8.  O.lSSi)  that  tod  received  the  various  hast 
treatments  listed  in  Table  L 

Ducthjtt 

The  largest  effect  of  hydrostatic  pressure  ia  ou  duc¬ 
tility ;  et  pressures  of  bu0,000  to  460,000  pel  tto  elon- 


Fiooas  I.  Effect  of  hydrostatic  pressure  oa  ductility  of 
Q.45C  steel  with  beat  trestasaU  listed  in  Tsbls  L 
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gatfaa  talented  at  the  nedt  of  a  tension  specimen  aw; 
ns  to  hundredfold*.  ▲(  Huh  extreme  elongations  tha 
■pad  cm a  Vomi  its  geometrical  regularity  and  the  «Ua> 
atfon  bwasM  dominated  by  adrentitioac  factoza  such 
aa  the  presence  of  minute  induaiona  in  the  steel.  In  tha 
region  at  kaa  extreme  elongation^  that  Is,  mp  to  natu¬ 
ral  strains  «f  4  ar  5,  corresponding  to  elongationa  at 
M*  or  10Mol<  tha  atrain  at  frnetmre  anally  inaoaaaa 


Im,  vhila  tba  ductility  of  cast  iron  la  not  appreciably 
inoraaaid  by  tba  pressura*  that  bare  baas  triad. 

Snunr-Kiaianmw 

Strain-hardening  oan  be  pushed  much  further  «b* 
dar  hydrostatic  pressure  than  at  atmospheric  peasant 
because  a t  tba  mncb  freatar  atraina  pcueible  without 
fracture.  For  all  tba  steals  that  bare  baaa  studied  h 


COru^SPOWIWS  REDUCTION  Qi'AKZA  IN  PER  CENT 


Ftoosa  X  Plow  stress  w«u  strata  (or  0l45C  stool  with  boot  Irretucote  Bated  ia  Tahls  L  Not*  ttea  dtea  *# 
l*.  rates  at  atatebacdadoe,  ora  to  a  bat  appreoteretioa  tba  noa 


linearly  with  bydreatatie  prtsaure,  although  excap* 
tions  hare  been  found  ia  which  tha  increase  «u  more 
rapid  than  linear.*  Tha  rato  of  increase  of  ductility 
nppoara  to  bo  greater  for  the  softer  steels;  among 
thorn  that  bare  been  studied  ia  the  present  proxies 
tba  increase  of  natural  atrain  at  fracture  cached  by  a 
pressure  of  150,000  pd  »wy  be  as  much  re  %  »  u 
little  ae  0.8,  aa  ahovn  ia  Figure  1.  Other  stasis  are 
buns  for  which  tha  increase  in  ductility  ia  "*m»h 


this  invoaUgation  the  flow  etnas  ia  approximately  a 
linear  function  of  the  natural  atrain,  at  least  up  to 
strains  of  3  or  4,  and  is  approximately,  but  not  an* 
urely,  independent  of  the  hydrost&tio  pressure** 
(  'igore  8).  The  rate  of  increase  of  flow  stress  with 
strain  is  in  general  greater  for  the  harder  steals,  al¬ 
though  there  ere  examples  of  crossing  of  the  curree 
not  to  be  explained  by  experimental  error.  However, 
the  rate  of  inersaaa  for  tba  harder  steels  ia  not  greater 
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(a  proportion  to  tho  absolute  values  of  flow  atom* 
Thu  tho  flow  (trass  of  «  typical  an ft  otad  imj  ta¬ 
ttooes  from  100,000  to  800,000  pot  of  by  s  factor  of 
8  for  *  strata  incnoao  of  8;  vborou  •  harder  stoat, 
«tg,  trostmaat  8  of  Fignra  t,  incraaaes  from  180,000 
to  880,000  pat,  or  bj  a  factor  of  U,  forth*  nos  mags 


How  Sana  ax  Huonaa 

By  combining  ths  result*  of  tha  two  praviows  para* 
graphs  it  can  bo  concluded  that  ths  flow  strost  at  frao> 
taro  is  a  linear  fustian  of  ths  hydrostatic  peaasnw 
prevailing  at  ths  moment  of  fractal*  (Figure  8).  Ths 
rate  of  increase  of  flow  stress  at  fractart  shows  lan  ds- 
pendenoe  on  the  nature  of  the  steel  than  do  the  factors 
from  which  it  is  derived;  a*  s  rough  average,  there  is 
an  increase  of  flow  stress  at  fracture  of  300,000  pel  for 
cn  increase  of  hydrostatic  pressure  of  878,000  pei  for 
any  value  of  tha  flow  stress. 

OmnuBOv  or  Sraonmia 

With  respect  to  ths  orientation  of  ths  specimen  in 
ths  original  plats,  the  tallowing  appears  to  be  true. 
Ths  flow  properties,  which  determine  ths  form  of  tho 
streea-atrain  relation,  appear  to  be  the  same  tar  all 
orientations.  However,  the  rapture  strength  is  less  for 
specimens  taken  perpendicular  to  ths  original  surface 
of  a  plats.  For  each  specimen*  fracture  occurs  at 
smaller  elongation*  and  lower  stress  as  than  tar  sped* 
mens  taken  in  either  of  the  directions  parallel  to  ths 
plate  surface,  between  which  there  appears  to  be  no 


difference.  The  differences  between  different  directions 
with  respect  to  fracture  phenomenon  become  an*ll— 
at  higher  pressures  and  probably  disappear  shew* 
8S0/-i#  psi. 

X mst  oc  Puaacsa  ov  How  Stum 
The  method  of  thou  experiments  has  not  been  ac¬ 
curate  enough  to  permit  a  satisfactory  study  of  tbs 


ffeoaa  4.  Onfiaate  b  calculated  by  dividing  total  toed  at  madmans  by  (vicinal  cross -arctioaal  am  and  multiplying 
by  1^11,  whioh  eomspoods  to  assumption  that  initial  tea  at  sashing  eeeuie  at  strain  at  OX  Avtsaas  stress  at 
load  is  ematblly  the  “tensile  strength" 
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effect  cl  hydrostatic  pressure  on  plastic  flow  in  the 
initial  rtgiaa  el  amen  strains,  before  the  initiation  of 
necking,  he,  op  to  the  maxim  am  load.  Tbe  effect  of 
pressure  on  the  maximum  or  the  to-called  tenaile 
strength  hat,  ho  water,  been  established  (Figure  4). 
It  eppeen  that  the  flow  atreaa  at  the  load 

tnereeaaa  linearly  with  the  hydroatatfa  pressure,  end 
the  amount  of  increaaa,  with  a  few  exoeptiona,  is  ep* 
paroxi  matel j  the  earns  for  all  steels,  independent  at  the 
absolute  atreaa.  Tbe  flow  street  at  the  maximum  load 
increases  by  approximately  20,000  to  1 5,000  psi  for 
an  increase  of  hydrostatic  prcaaure  of  450,000  paL 
Thus  the  megnituda  of  this  effect  ia  much  leas  then 
that  of  any  of  the  other  effects  that  hare  been 
mentioned. 

The  stress  at  which  plastic  flow  first  begins  secroa 
to  bo  increased  by  pressure  by  approximately  the 
amount  by  which  the  flow  street  at  *n»Tim«n>  load 
ia  increased. 

Arras nano  or  Fiacnni 

71m  appearance  of  the  tenaile  fracture1**1*  rariae 
with  pressure.  Practically  ell  the  steals  that  were 
studied  in  this  program  show  the  normal  cup-cone 
type  of  fracture  at  atmospheric  pressure.  With  in¬ 
creasing  hydrostatic  pressure  the  tenaile  part  of  the 
break,  that  is,  the  bottom  of  the  cup,  occupies  a  pro¬ 
gressively  smaller  part  of  the  total  cross  section,  and 
entirely  disappears  at  a  certain  pressure  beyond  which 
the'  frcdurc  is  entirely  by  slip  along  carted  shear 
surfaces  (Figure  5).*  Up  to  the  pressure  at  which  the 
tensile  part  vanishes  the  ratio  of  the  tensile  pert  of 
the  area  to  the  total  area  is  roughly  a  linear  function 
of  pressure.  Figure  6  shows  several  exceptions  to  this 
rule,  in  which  the  tensile  part  of  the  fracture  per- 


HY0R0STAT1C  PRESSURE  AT  FRACTURE  IN  PSI 

Pumas  A  Effoci  of  hjrdrostRtk  prsssurs  on  type  of 
fracture  cbUU*d  la  Union.  Ordinal*  shows  ratio 
hetweee  area  of  tassiU  portion  of  break  and  total 


aista  to  hlghar  pressures  than  would  have  been  extra* 
pointed  from  measurements  only  at  lower  pressures. 
In  general,  the  pressure  at  which  the  tensile  area  die* 
appears  ia  higher  the  harder  the  steal. 

***  Effect  of  Hydrostatic  Pressure  on 
Superficial  Hardness 

This  question  wa*  examined  only  la  the  earlier  tests 
of  this  program.*-*  For  the  samples  of  18  types  at 
Navy  armor  tested  the  effect  of  a  pressure  of  160,000 
pel  was  to  increase  the  Brinell  hardness  by  an  amount 
which  fluctuated  irregularly  around  5.7  per  cent 
The  effect  is  obviously  not  large  and  presumably  is 
related  to  the  increase  in  plastic  flow  atreaa  in  tension, 
that  ia  caused  by  pressure.  Because  this  effect  is  com¬ 
paratively  small,  it  was  not  studied  further. 

***■*-  Effect  of  Hydrostatic  Pressor* 
on  Flow  under  One-Sided 
Compression  S  trees 

TUI:  study  was  only  barely  started  ir  this  pro¬ 
gram.*  Numerical  values  have  been  obtained  for  one 
armor-plate  oteeL  For  plastic  shortening  up  to  10 
per  cent,  hydrostatic  pressure  appears  to  increaaa  the 
compressive  flow  street  linearly  and  by  about  the  earn* 
amount  as  the  increase  of  stress  at  initial  plastic  yield 
in  tension  or  as  the  increase  of  Brinell  hardness. 

1441  Effect  of  Hydrostatic  Pressure  on 
Behavior  under  Punching  Forces 

This  phenomenon*  haa  been  studied  only  for  the 
three  softest  heat  treatments  of  the  0.46C  end  0J0G 
steels  used  for  the  tensile  program,  at  pressures  up 
to  225,000  paL  The  effects  ere  similar  to  tbe  effects  of 
pressure  on  tenaile  behavior  in  that  there  is  a  great 
increase  in  ductility.  As  the  pressure  ia  increased,  the 
punched  materiel  has  to  be  forced  through  greeter 
distances  before  it  breaks  clear;  at  the  higher  pres¬ 
sures  there  is  e  gradual  disappearance  ol  the  phe¬ 
nomena  of  fracture  until  eventually,  as  shown  by  other 
teste  at  pressures  somewhat  higher  than  those  need 
here,  the  punching  may  be  moved  through  the  entire 
thickneee  of  the  plats  without  loss  of  coherence. 
Strain-hardening  is  an  accompaniment  of  the  punch¬ 
ing  process.  This  strain  hardening  is  of  the  seme 
order  of  magnitude  as  would  be  expected  from  e  crude 
comparison  with  the  strain -hardening  in  tension.  The 
total  force  required  to  start  tbe  plastio  movement  of 
the  punched  disk  also  increases  with  pressure  by  the 
tame  order  of  magnitude  as  the  corresponding  tensile 
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•fleet  The  work  required  to  expel  the  punched  diak  i» 
greeter  by  *5  to  80  per  cent  et  pressures  of  200,000 
pd  then  et  atmoepheric  prewun. 


UA*  Compreaeion  of  Steel  under  Simple 
Longitudinal  Stress  to  Large  Strains 

The  method  of  Taylor  and  Quinney,"  amounting 
to  compressing  in  stages  with  reshaping  between 
stages  to  minimise  the  extraneous  components  of 
sheas  arising  from  friction,  was  applied  to  an  armor* 


plate  ateal  to  produce  a  final  oompreaaivt  natural 
strain  of  3,  or  reduction  of  length  to  5  per  cent  of  the 
original  After  the  utttjsl  stages  the  true  compreesire 
stress  rises  linearly  with  natural  strain.  This  is  un* 
like  the  behavior  of  copper  for  which  the  true  com* 
preeaive  stress  approaches  a  constant  Talus  for  large 
strains/  The  rata  of  strain-hardening  of  this  steel 
in  simple  compression  is  somewhat  less  than,  its  rata 
In  simple  tension,  and  the  absolute  values  of  flow 
stress  in  compression  are  less  than  in  tension. 
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DEFENSE  AGAINST 

»«  INTRODUCTION 

Tua  fact  that  hollow  explosive  chargee  (desig¬ 
nated  ahaped  chargee  lor  security  reasons)  caa 
defeat  thick  steel  plates  or  other  protection  has  long 
been  known ;  however,  no  attempt  was  made  to  make 
military  use  of  this  fact  until  the  beginning  of  World 
War  II,  when  all  combatants  introduced  weapons 
employing  this  principle.  Artillery  shells  of  various 
calibers  end  rocket-propelled  projectiles  for  antitank 
work  were  encountered  most  frequently.  Large  demo* 
lition  charges  for  defeating  concrete  fortifications 
also  appeared.  Though  many  of  these  weapons  were 
ineffective  because  of  faulty  design,  improvements 
were  made  rapidly.  A  joint  Army-Navy-NDRC  Com* 
mi  t tee  on  Shaped  Charges,  organised  to  study  and 
promote  the  use  of  hollow-charge  weapons  in  early 
1943,  considered  the  threat  great  enough  to  warrant 
setting  up  a  project  to  study  countermeasures.*-* 

A  shaped-charge  weapon  consists  essentially  of  a 
hollow  liner  of  iuert  material,  usually  metal  or  glass, 
and  of  conical,  hemispherical,  or  other  shape,  backed 
on  the  convex  side  by  explosive.  A  container  and  a 
detonating  device  aro  included  (Figure  1).  When  det¬ 
onation  occura  the  liner  it  compressed  againat  itself, 
giving  rise  to  a  jet  of  motal  or  glass  particles  moving 
outward  along  the  axis  of  the  liner  at  very  high  ve¬ 
locities.  This  jet  is  able  to  achieve  great  penetration 
into  any  near  target. 

The  performance  of  the  hollow-charge  projectile 
differs  from  that  of  other  projectiles  in  that  the 
thickness  of  material  it  can  porforate  is  essentially 
independent  of  its  striking  velocity.  In  fact,  bond- 
placed  charges  may  perform  somewhat  better  than 
the  projectile  type  because  they  con  be  more  readily 
detonated  at  the  best  distance  from  the  target  sur¬ 
face.  Hand-placed  hollow  charges  have  been  used 
against  both  tanka  and  concrete  fortifications.  The 
fact  that  performance  ia  independent  of  Telocity  and 
therefore  of  range  would  appear  to  make  these  charges 
ideal  for  antitank  artillery.  However,  when  hollow- 
charge  projectiles  are  caused  to  rotate  by  the  rifling 
in  tho  guns  from  which  they  are  fired,  their  perform¬ 
ance  drops  30  to  60  per  ceut  against  solid  homoge¬ 
neous  armor  and  much  more  than  that  against  spaced 

•  Pertinent  to  Joint  Aray-Nsvjr  Project  AN-1. 

*  8es  Data  Sheet*  3A5  sad  3A5  of  Chapter  19. 


SHAPED  CHARGES 

armor  or  low-density  targets.  Nonrots  ted  fin-stabilised 
hollow  chargee  can  be  made  to  perform  aa  well  when 
fired  ,  dynamically  a a  when  they  aro  fired  statically. 
This  accounts  for  the  popularity  of  rocket-propelled 
low-velocity  projectiles  such  aa  the  American  sad 
German  bazookas.  These  weapons  are  light,  easily 
constructed,  and  remarkably  effective.  They  can  be 
carried  by  infantrymen  almost  as  easily  as  rifles  and 
under  good  conditions  can  perforate  and  set  on  fire 
any  tank.  If  these  weapons  had  been  well  designed 
at  the  beginning  of  World  War  II,  they  would  hav«  been 
a  serious  men  ace. 

uu  The  Experiments 

Since  the  static  performance  of  a  hollow  charge 
always  equals  or  surpasses  its  performance  when  fired 
dynamically,  it  was  docided  to  start  the  search  for 
protective  devices  using  a  small  charge  of  standard 
construction  that  could  be  detonated  statically.  Al- 
.  though  liners  of  various  shapes  and  materials  were 
being  used,  a  charge  employing  the  steel-cone  liner 
(with  1%-in.  base  diameter,  42°  cone  angle)  of  the 
M9A1  rifle  grenade  was  adopted,  partly  because  these 
cones  were  available  in  large  quantities  and  partly  be¬ 
cause  steel  cones  were  being  used  In  tlie  majority  of 
weapons.  Pentolite  (60  PETN/50  TNT)  was  adopted 
for  the  explosive. 

The  experiments  were  devised  with  two  purposes 
in  view;  first,  to  determine  the  effectiveness  of  mate¬ 
rials  or  combinations  of  materials  that  gave  promise 
of  providing  low- weight  protection;  and  second,  to 
investigate  tho  fundamental  laws  governing  the  pene¬ 
tration  and  perforation  process.  Tho  division  was  not 
aharp  between  these  two  types  ainco  most  experiments 
contributed  to  both  programs. 

1U  theory  of  jet  penetration 

Figure  1  shows  a  cross-sectional  view  of  the  hoed  of 
an  American  bazooka  which  contains  a  typical  hollow 
charge.  When  this  weapon  strikes  a  target,  vha  base 
fuze,  operating  the  inertia  principle,  detonates  tha 
charge  from  the  rear.  A  detonation  wav  j  travels  for¬ 
ward  and  collapses  tho  steel-cone  liner,  starting  at  its 
apex.  The  collapse  of  the  cone  squirts  forward  a  long, 
narrow  jet  of  steel  at  velocities  from  10,000  to  30,000 
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Fiauu  1.  Head  ol  Americas  bcxooka  showing  typical 
shaped  chare*  Tilt's  con  teal  steal  finl"c 

fpc,K4*  Thla  process  ia  illustrated  ty  the  aeries  of 
high-speed  radiographic  photographs*,l,,u  in  Fig¬ 
ure  2.  The  photographs  were  taken  of  detonating 
charges  in  various  stages  and  are  arranged  to  show 
the  sequence  of  events  in  one  charge.  The  last  pic¬ 
ture  shows  a  jet  perforating  some  steel  plates.  Early 
in  the  process  of  its  formation,  tire  jet  breaks  up  into 
fine  particles  but  retains  its  jetlike  characteristics 
out  to  great  distances.  There  is  a  gradient  in  the  ve¬ 
locities  of  the  particles  along  the  jet,  the  particles  in 


front  moving  uster  then  thoee  at  the  rear.*1**  This 
causes  the  jet  to  lengthen  and  reduces  its  avenge 
density  with  tuna. 

When  a  jet  strikes  a  target  of  amor  plate  or  mild 
steel,  pressures  of  around  a  quarter-million  atmoe- 
pheret  are  produced  at  the  point  of  ooatact.  Then 
pleasures  am  so  far  above  the  yield  strength  of  steal 
that  the  target  materia)  flows  ont  of  the  path  of  the 
jet  as  would  a  fluid.  Thera  ia  so  much  aidewiaa  mo¬ 
mentum  associated  with  the  flow  that  the  diameter  of 
the  hole  produced  ia  considerably  larger  than  that  at 
the  jet  snd  depends  mainly  upon  the  strength  of  the 
target  material,  since  the  radial  flow  of  the  material 
is  eventually  stopped  by  the  strength  of  the  target 
Thus  a  larger  hole  is  made  in  mild  steel  than  in 
amor  plate.  However,  the  depth  of  penotration  into 
*  very  thick  stab  of  mild  steel  will  be  only  slightly 
greater  than  that  into  homogeneous  armor. 


A*  th*  jet  particles  strike  they  an  carried  off  radi¬ 
ally  with  the  target  material.  Thu*  th*  jat  is  ued  op 
from  the  front  and  become*  shorter  and  ahortcr  until 
finally  the  laat  jet  particle  etrikea  the  target  and  the 
primary  penetration  proceae  atop*.  Tha  actual  pane* 
tratioa  continnea  for  a  abort  time,  especially  In  weak 
targets,  because  the  kinetic  energy  imparted  to  the 
target  material  by  the  jet  must  be  dissipated.  The 
additional  penetration  caused  by  this  afterflow  is 
called  secondary  penetration.  Its  magnitude  depends 
upon  targot  strength.  It  is  mainly  responsible  for  the 
email  differences  observed  between  tha  depths  of 
penetration  in  mild  steel  end  in  homogeneous  armor, 
although  there  is  probably  some  difference  in  tha 
primary  penetrations  as  well. 

Since  the  pressure*  produced  by  the  jet  are  much 
greater  than  tha  yield  strengths  of  most  target  mate¬ 
rials,  both  the  target  and  the  jet  cun  he  considered 
as  fluids  in  calculating  the  rate  of  penetration.  Simple 
hydrodynamic  theory  shows  that  tha  rate  of  penetra¬ 
tion  is  proportional  to  the  jet  velocity.  However,  tha 
rate  at  which  a  given  length  of  jet  is  used  up  is  also 
proportional  to  the  jet  velocity.  Thus  the  depth  of 
penetration  is  almost  independent  of  jet  velocity.  This 
supposes,  of  course,  that  the  low-velocity  jets  are 
nevertheless  able  to  produce  inch  high  pressures  that 
tha .  hydrodynamic  theory  holds.  Though  tha  faster 
jets  do  not  produce  deeper  holes,  they  produce  wider 
holes  than  tha  slower  jeta.  Tht  depth  of  primary  pene¬ 
tration  V  is  obviously  proportional  to  tha  length  of 
jet  I,  since  the  length  determine*  how  long  the  pene¬ 
tration  process  will  laat  Sines  primary  penetration 
is  nearly  independent  of  strength,  the  process  is  con¬ 
trolled  only  by  inertia,  which  depends  upon  tha  den¬ 
sity  p  of  the  target  and  the  average  density  pj  of  tha 
jet  Actually,  the  primary  penetration  P*  is  propor¬ 
tional  to* 

_  sF 

*  Tb*  point  of  contact  of  a  fluid  ]#t  with  tha  target  moves 
through  tha  target  at  a  velocity  (J.  If  tha  1st  has  on  abaoluta 
velocity  V,  it*  velocity  relative  to  this  point  la  V  —  V.  Tha 
prcMurc  at  tkla  point  dua  to  the  jet  i*  tha  asm*  aa  that  dua 
to  tha  target  material,  whioh  baa  a  relative  velocity  U  toward 
thia  point.  Tbua,  by  Bernoulli  *>  theorem 

or 

But  primary  penetration  equal*  the  penetration  velocity  V 
time*  the  time  of  penetration  t/(F  —  U), 

whan  f  ia  (ha  length  of  tha  jet. 


Aa  increase  ia  standoff  increases  the  length  of  jot 
f  and  decreases  tha  avenge  jot  density  pp,  tb* 
product  of  the  two  quantities  remain*  substantially 
constant  Therefore,  from  tho  above  equation  it  ap¬ 
pears  that  tha  primary  panotration  increasaa  with 
standoff.  However,  dua  to  slight  asymmetries  sod  Ir¬ 
regularities  fa  construction  of  chargee,  which  vary 
from  charge  to  chary,  the  jet*  waver  and  spread  some¬ 
what  Thia  affect  tends  to  reduce  the  effectiveness  of 
tha  jeta,  hut  only  at  Urge  standoff*.  Consequently,  at 
small  standoffs  an  increase  in  standoff  improves  per¬ 
formance,  while  for  Urg*  standoffs  tha  reverse  la  true. 
There  ia  an  additional  reason  for  the  rapid  increase 
in  penetration,  aa  the  charge  is  moved  away  from  near 
contact  with  the  target  The  jet  change*  character  as 
it  traveU  away  from  the  charge.  When  the  jet  first 
emerges  from  the  liner,  iU  density  is  near  the  density 
of  the  liner  and  it  behaves  like  on  incompressible 
fluid.  Hence,  at  the  point  of  contact  with  tha  target 
tha  jet  spreads  out  and  its  force  i*  exerted  over  a  wider 
area  than  the  original  jet  eroae  section.  On  tha  other 
hand,  at  large  standoff  the  jot  separate*  into  widely 
spaced  particles  which  do  not  affect  each  other  and 
which  suffer  no  radial  spreading  until  after  they  strike 
the  target.  The  total  fore*  is  thus  concentrated  on  an 
area  equal  to  the  jet  cross  section. 

Armor  can  be  protected  from  ihapad-charge  attack 
by  covering  the  amor  with  a  jnatarial  that  will  uaa 
up  the  jet  before  it  atrikea  tho  armor.  The  raU  at 
which  the  jet  ie  used  up  is  proportional  to  's/p,  whan 
p  ia  the  density  of  the  target  material.  If  low-density 
materials  are  used  for  protection,  they  must  be  mad* 
thicker  then  those  of  higher  density.  However,  lower 
total  w  tight  of  prottetion  it  provided  with  low-dtntiij 
mottriaU.  In  fact,  the  weight  of  the  protection  re¬ 
quired  against  a  given  weapon  Is  roughly  proportional 
to  \/p.  For  example,  if  tho  density  of  tha  material 
used  to  provide  protection  against  a  given  weapon  ia 
reduced  by  a  factor  of  4,  tho  thlcknaaa  must  be  ap¬ 
proximately  doubled  and  the  weight  can  be  approxi¬ 
mately  halved.  For  practical  reasons  it  is  uot  sdvisable 
to  use  materials  having  densities  much  lower  than 
twice  that  of  water. 

When  low-density  materials  are  used  to  protect 
steel,  th*  residual  penetrations  into  the  steel  can 
be  calculated  approximately  from  th*  fact  that  tha 
reduction  in  penetration  caused  by  a  slab  of  given 
thirlmoa*  U  proportional  to  the  square  root  of  its  den¬ 
sity.  A  mors  reliable  method  make*  use  of  the  curve 
of  residual  penetration  into  ttc*J  versus  standoff  of 
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the  weapon.  Thu  curve,  a  characteristic  of  the  reap- 
on,  must  be  known  in  order  to  tchien  reliabla  results. 

lu  EXPERIMENTAL  PROGRAM 

Experiments  an  the  general  problem  of  protection 
against  shaped  charges  ware  started  in  August  1043, 
and  by  October  1943  a  plastic  armor  (gravel  with  a 
pitch-mastic  binder)  had  been  found  Out  was  much 
lighter  than  the  homogeneous  armor  required  for 
equal  protection.  In  cooperation  with  the  Flintkote 
Company,  which  made  the  plastic  armor,  a  series  of 
tests  was  started  which  improved  this  protection  and 
further  reduced  its  weight.  A  wide  variety  of  aggre¬ 
gates  wee  tried,  of  which  pure  quarts  gravel  in  a 
mastic  of  pitch  and  wood  dour  proved  beat  Tbie  was 
designated  HCRS.  At  the  same  time  a  series  of  tests 
wss  planned  and  carried  out,  mostly  st  the  Aberdeen 
Proving  Ground,4  to  determine  whether  or  not  prac¬ 
tical  use  could  be  made  of  this  material  against  exist¬ 
ing  weapons.  Some  tests  were  made  on  models  of  ship 
structures  and  these  wore  supplemented  by  a  test 
carried  out  on  a  larger  scale  at  the  Norfolk  Navy 
Yard  for  the  purpose  of  investigating  this  means  of 
providing  ships  with  protection  against  torpedoes 
having  shwped-charge  warheads.  However,  it  teemed 
improbable  that  this  type  of  torpedo  attack  would 
become  eerioua  in  World  War  II  and  the  project  was 
dropped.  It  appeared  that  shaped-duirge  weapons 
could  be  most  effectively  used  against  tanks  and  there¬ 
fore  the  protection  of  tanka  was  the  major  problem. 
Shaped  charges  were  also  being  used  to  neutralise 
concrete  foilificationa.  Tha  protection  of  concrete 
structures  vas  considered  next  in  importance  to  the 
protection  of  armored  vdiiclee. 

im  Tank  Protection 

The  problem  of  protect! ug  tanks1•,,'a,  waa  nude 
difficult  by  the  fact  that  the  German*  (probably  with 
their  own  heavily  armored  Tiger  tank  in  mind)  had 
started  .using  baxookas  and  new  shaped -charged 
weapons!  called  F«nurfauiti,  the  latter  capable  of 
perforating  8  to  10  in.  of  armor  plate,  while  the  tanka 
in  use  by  the  American  Amy  could  bo  defeated  by 
weapon*  capable  of  perforating  only  3  in.  of  armor. 
To  complicate  the  problem  further,  tlu  American 

*  Sony*  (Mis  vers  also  mads  at  the  NDRC  Divbioe  • 
Explosives  Research  laboratory,  Bmcston,  Pennsylvania,  and 
ass  aari/  test  was  nude  by  the  Armored  Board  at  Fort  Kona. 


tanka  could  stand  very  little  additional  weight.  The 
thickness  of  protective  material  waa  also  limited  by 
the  requirement  that  tank*  must  be  able  to  past  over 
Bailey  bridges.  The  German  decision  to  use  large 
charges  probably  saved  many  casualties,  for  in  order 
to  make  the  charge  large  they  had  to  sacrifice  mosaic 
velocity  wfiich  made  their  weapons  so  inaccurate  that 
it  waa  very  difficult  to  hit  a  tank  even  from  dose 
range.  Probably  because  of  this  fact.  Allied  tank 
losses  to  shaped-charge  weapons  were  to  light  that 
the  necessary  testa  at  Aberdeen  were  given  a  low  pri¬ 
ority,  reducing  considerably  the  progress  made  on  the 
protection  problem  as  a  whole. 

Piasno  Abkok  roa  Tank  Pbotbchow 
The  original  plan  for  protecting  tanks  called  for  a 
set  cf  small  steel  panels  filled  with  plastic  armor 
(HCRS)  that  could  be  fastened  to  the  outside  surface 
of  any  M4  tank  in  an  emergency.  It  was  hoped  that 
by  making  the  panels  small  the  area  damaged  by  a 
direct  hit  from  any  type  of  projectile  would  be  email; 
that  is,  the  damage  would  be  confined  to  one  ox  two 
of  the  panels  Testa  at  Aberdeen  showed  that: 

1.  HCRS  panels  are  very  effective  against  artillery- 
type  hollow-charge  projectiles  that  an  stabilised  in 
flight  by  rotation. 

9.  HCRS  panel*  an  less  effective  against  n© Qro- 
tated  fin -stabilised  projectiles,  especially  when  them 
an  fused  to  explode  does  to  the  surface.  While  steel 
is  defeatsd  most  easily  by  shaped  charges  that  explode 
to  standoffs  of  1  or  8  calibers,  HCRS  is  defeated  most 
easily  by  thorn  that  explode  close  to  the  surfaoa. 

3.  Many  of  the  shaped -charg*  weapons  found  In 
tha  field  an  capable  of  larger  penetrat’ons  than  re¬ 
ports  had  indicated. 

A  Tim  HCRS  must  be  contained  in  large  and 
strong  steel  panels  to  pnvent  excessive  damage  by 
projectiles,  A  heavy  face  plate  is  needed  to  prevent 
high  explosive  (HE)  and  high-explosive  antitank 
[HEAT]  shells  from  penetrating  into  the  ptaela  and 
blowing  them  apart. 

This  information  could  only  be  obtained  by  making 
testa  at  a  proving  ground  when  facilities  were  avail¬ 
able  for  trying  all  typee  of  projectiles.  It  could  not 
have  been  inferred  from  laboratory  teats. 

The  new  information  ahowed  that,  considering  the 
weight  of  the  HCRS,  the  ateel  panda,  and  tha  fasten¬ 
ing  devices,  from  8  to  19  tons  an  required  to  protect 
the  M4  tank  adequately  against  the  largest  enemy 
shaped  charge,  the  Panxerfaust.  It  is  estimated  that 
T.i  tons  on  the  heavy  tank  M26  will  provide  the  seme 
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protection  against  shaped  charge*  u  11.7  tons  on  the 
114.  The  weight  of  the  protection  added  U  onlj  19 
per  cent  of  the  total  on  the  1126  u  compared  to  34 
per  cent  on  the  114.  The  thickness  of  panel  cn  the 
turret  ia  only  10%  in.  on  the  M2 6  compared  to  13% 
in.  on  the  M4.* 

For  the  Mi  tank  thia  added  weight  aeemed  exces- 
sire,  but  it  was  the  beat  solution  ava&ble  and  it  was 
decided  to  mate  up  a  set  of  panels  for  teat.  The  work 
of  designing  the  panels  waa  carried  cm  by  the  Flint* 
kota  Company  in  cooperation  with  the  Office  of  the 
Chief  of  Ordnance  in  Detnit,  Michigan.  An  M4  tank 
with  the  new  horixontal  suspension- and  a  wide  trade 
waa  sent  to  Rutherford,  Hew  Jersey,  to  enable  the. 
Flintkote  Company  to  fit  panels  to  It.  The  track  and 
suspension  system  of  thia  rehide  ia  capable  cf  carry¬ 
ing  much  heavier  load*  than  ia  the  narrow  track  and 
the  vertical  suspension  used  in  early  models  De¬ 
mountable  panels,  to  he  filled  with  HCR2,  made  en¬ 
tirely  of  homogeneous  armor  plate  welded  together, 
were  designed  with  ft-in.  aides  and  %-in.  face  plates. 
The  construction  A  these  was  only  partially  com¬ 
pleted  by  the  end  of  World  War  II. 

The  design  rid  construction  of  panels  that  could 
be  easily  mounted  and  removed,  and  at  the  same  timo 
withstand  combat  conditions,  turned  out  to  be  an 
engineering  problem  that  took  a  great  deal  of  time. 
In  the  meantime,  reports  began  coming  in  that  more 
and  mors  Allied  tanks  were  being  lost  to  enemy  shaped 
charges.  Therefore,  a  type  of  panel  waa  designed  that 
could  be  mode  up  in  a  few  weeks,  using  %-in.  mild 
a  ted  instead  of  homogeneous  armor.  The  face  plate 
was  strengthened  by  placing  2  in.  of  2 1ST  aluminum 
alloy  directly  in  back  of  it,  that  is,  betveea  the  face 
plate  and  the  HCB2.  Testa  with  tha  standard  charge 
had  indicated  that  a  few  inches  of  sluminum  in  thia 
position  in  tha  panda  would  improve  the  shaped- 
charge  pr.  action  aa  well  aa  offer  a  means  of  improv¬ 
ing  the  ballistic  properties  of  tha  panels.  These  pan¬ 
els  were  fastened  to  the  tank  by  cobles  to  absorb 
shocks.  One  eet  waa  completed  and  was  tested  just 
after  World  War  II  ended.  It  was  found  that  with 
tome  modification  thia  let  of  panels  would  he  quite 
satisfactory,  although  it  ia  believed  that  tha  armor- 
plate  ponds  would  be  more  satisfactory. 

*  Thosa  weights  sod  thicknecses  MS  bund  upon  tbs  latest 
Information  obtained  from  stetl*U«al  studies  oa  tbs  perform¬ 
ance  of  tboes  weapons.  Less  than  10  per  cent  of  'hi  larsaat 
weapons,  tbs  PanasrfausU,  should  eotue  within  an  inch  of 
perforating  the  bade  armor  protected  by  HCR2  even  U  normal 
locidonos.  Tbs  panels  made  and  tested  war*  somewhat  thinner. 


Srzna  roa  Ts.sk  Pwnotm 
Aa  soon  at  it  was  discovered  that  excessive  weight 
of  any  kind  of  armor  would  be  required  to  provide 
protection  to  the  M4  tank,  a  search  was  started  for  a 
different  principle  of  protection.  Since  the  Panxcr- 
faust  and  moat  other  weapons  detonate  very  close  to 
the  surface,  and  since  no  ahaped-charge  weapon  func¬ 
tions  well  if  its  liner  ia  distorted,  spikes  that  would 
perforata  tha  windshields  and  the  liners  were  con¬ 
sidered.  After  many  disappointments,  a  design  of 
spikes  was  found  that  could  be  expected  to  defeat  all 
existing  shaped-charge  weapons'*1*  although  fairly 
effective  veapons  could  be  developed  specifically  for 
use  against  this  design.  It  would,  add.  only  XZ  tans  to 
the  M26  tank  and  4.1  tons  to  the  M4  tank,  including 
the  %-in.  armor  plate  to  which  the  spikes  would  be 
welded. 

The  final  design  for  defeating  all  weapons  waa  not 
tested,  but  the  designs  that  were  tested  and  proved 
successful  against  the  various  weapons  were  cloae 
enough  to  it  to  leave  very  little  doubt  as  to  its  effi¬ 
ciency.  Thia  design  calls  for  spikes  made  of  1-in. 
diameter  rod,  rolled  from  armor-plate  alloy  and  hard¬ 
ened  to  Brinell  hardnett  number  [BHN]  400.  The 
spikes  have  blunt  points  and  a.-*  welded  to  armor 
plate  in  a  pattern  made  up  of  equilateral  triangles, 
2.5  in.  between  centers.  The  spikes  are  7.5, 8.0,  8.5  in. 
long,  arranged  so  that  no  two  adjacent  spikes  have  the 
same  length.  The  staggered  lengths  make  it  possible 
to  defeat  smaller-diameter  projectiles  with  a  given 
sparing.  When  a  small-diameter  projectile  .U'ikes  a 
spike  pattern  normally  end  midway  between  two 
spikes  of  equal  length,  a  alight  symmetrical  distortion 
of  tha  liner  is  produced  which  doe*  not  nrotly  re¬ 
duce  its  penetrating  power.  However,  witi  spikes  of 
unequal  lengths,  no  such  difficulty  ia  encountered. 
The  apike  pattern  weighs  much  law  uud  takes  leas 
space  than  the  HGR2  panels.  It  is  less  vulnerable  and 
probably  will  not  need  to  be  changed  whan  weapons 
with  greater  penetrating  power  are.  produced.  At 
present  it  appears  to  be  the  best  solution. 

It  has  one  limitation,  however,  in  that  a  shaped- 
charge  projectile  designed  with  a  nose  fuse  sensitive 
over  a  wide  area  would  be  able  to  defeat  spikes  on 
panels. 

14X1  Concrete  Fortification* 

Fairly  large  shaped  charges  have,  been  used  to 
neutralize  pillboxes  and  other  concrete  fortifies- 
tiona.t-u->>  These  have  generally  been  hand-placed 
charges  of  large  diameter ;  large  artillery  sheila  could 
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also  be  uaod.  Tin  Corps  of  Engineer*  requested  a  study 
cf  the  problem  of  milting  concrete  structures  ti»»t 
would  be  better  able  to  writhe  tend  inch  attacks. 

Baaed  upon  designs  furnished  b y  the  Corps  of  Engi¬ 
neer!,  along  series  of  small-scale  model  teats  was  per¬ 
formed.  The  affect  of  increased  strength  of 
air  spaces  in  tits  concrete,  scab  plates  at  the  rear, 
end  face  pktes  on  the  front  veto  all  investigated* 
The  weight  of  concrete  needed  for  protection  can  be 
reduced  by  each  of  these  devices.  However,  the  effects 
are  rather  email,  so  that  the  moat  economical  solution 
appears  to  be  the  use  of  more  concrete.  The  scab  plate 
is  very  practical  for  other  reasons,  since  it  greatly 
reduces  the  spalling  due  to  perforation. 

ux>  Weapon  Data  Sheet 

In  the  course  of  this  work  data  were  collected,  and 
so  far  aa  possible  correlated,  cn  the  design  and  per¬ 
formance  of  Allied  and  enemy  shaped -charge  weap¬ 
ons.  There  is  a  vast  variety  of  designs.  Liners  ere 
conical  (with  apex  angles  from  20  to  80  degrees), 
hemispherical,  parabolic,  and  made  of  combinations 
of  these  shapes.  They  are  constructed  of  a  variety  of 
metals  and  sometimes  of  glass.  Many  different  explo¬ 
sives  am  used;  those  having  high  detonation  veloc¬ 
ities  are  preferred ;  the  shapes  end  degrees  of  confine¬ 
ment  of  these  explosives  vary  widely.  The  method  of 
f tiling  varies  and  affects  performance.  Unfortunately, 
the  available  information  was,  and  still  is,  scanty  and 
unreliable.  Bata  Sheets  8a5  and  SAtf  of  Chapter  19 
allow  estimates  of  the  performance  of  shaped -charge 
weapons. 

1414  Standard  Charge  Improvement 

The  performance  of  individual  weapons  varies 
widely  even  when  they  are  selected  from  the  seme 
lot  These  variations,  mentioned  in  Section  14J, 
make  it  difficult  to  obtain  reliable  information  on 
the  protective  qualities  of  different  materials  and 
devices.  If  a  mors  consistent  charge  were  developed 
it  would  help  greatly  in  such  experiments 


In  cooperation  with  the  DuPont  Eastern  Labo¬ 
ratory  and  the  Delaware  Ordnance  Depot,  aa  attempt 
was  made  to  develop  more  consistent  standard 
charges.1'**’1*  The  primary  purpose  of  this  research 
was  to  create  a  better  tool  for  maldng  protection  ex¬ 
periments,  although  the  study  was  also  worth  while 
for  indicating  how  much  improvement  in  perfbnoanot 
is  putable  through  Improved,  construction. 

Out  of  every  lot  of  standard  charges  two  or  three 
were  fired  as  controls.  X-rays  of  the  control  charges 
revealed  that  all  had  flaws  or  air  pockets.  Statistical 
comparison  of  the  photographs  with  the  performance 
of  these  charges  indicates  that  nousymmetrical  flaws 
are  more  detrimental  than  symmetrical  ones.  How¬ 
ever,  the  correlation  was  not  good  enough  to  justify 
more  definite  concisions,  since  other  factors  are  as 
important  as  the  fie  .a.  i'v  the  r<*vt  iaiw,  of  standard 
charges  a  new  mold  was  vnucu*  in  vlu.dx  the  liner  could 
be  very  accurately  aligned.  Tho  performance  of  this 
aeries  was  superior,  especially  at  large  standoff,  and 
analysis  showed  that  the  average  waver  of  the  jet  was 
reduced  by  about  40  per  ct-nt  Attempts  were  alio 
made  to  improve  the  consistency  of  the  standard 
charges  by  carefully  selecting  the  steel  for  a  series  of 
cones  from  one  heat  of  steel.  Decarbuririug  the  steel 
oonei  was  also  tried.  Neither  of  these  appeared  to  pro¬ 
duce  significant  improvement.  All  of  the  cones  used 
in  standard  charges  were  made  by  a  mesa  production 
drawing  precast  and  were  not  as  perfect  as  desired. 
It  was  evident  that  if  tho  cones  were  accurately  made 
end  accurately  aligned  in  tiie  mold,  and  if  the  charge 
could  be  cast  without  flaws  (especially  eccentric 
flaws),  the  performance  of  these  charges  could  be 
mads  much  more  consistent 

Statistic# 

Since  consistent  charges  were  not  available,  it  was 
necessary  to  develop  a  statistical  method  of  treating 
the  results  obtained  with  the  chargee  available.  The 
methods  developed  and  used  are  treated  in  detail 

•lsawhsre,**** 
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**  INTRODUCTION 

■pBononou  cam  u  classified,  somewhat  arbitrarily, 

I  u  being  either  civilian  or  military  protection,  al- 
though  many  atructurea  can  b«  placed  in  both  cate¬ 
gories.  Moat  consideratiana  applying  to  one  claw 
apply  also  to  the  other.  The  difference  is  mostly  in 
dimensions  and  in  function.  Military  structures  may 
run  to  greater  thicknesses  than  do  civilian  although 
there  ia  considerable  overlap.  Military  structures  are 
generally  designed  to  resist  several  different  forms  of 
attack,  namely,  blast,  fragmentation,  earth  shock, 
shaped  charge,  and  attack  by  high-explosive  [HE]  or 
armor-picrcing  [AP]  projectiles.  Not  all  forms  of 
attack  may  be  important  in  one  situation,  but  normal* 
fy  more  than  one  must  be  considered.  Civilian  protec¬ 
tive  structures,  on  the  other  hand,  are  mainly  intended 
to  protection  against  blast,  fragments,  or  debris. 
L  orthermore,  civilian  protection  must  include  con¬ 
sideration  of  means  of  strengthening  or  otherwise 
protecting  existing  structures  or  installations. 

At  the  beginning  of  World  Wer  II,  protection  had 
very  high  priority  since  there  was  considerable  un¬ 
certainty  whether  or  not  attacks  would  be  made  on 
the  American  continent  Aa  World  War  II  progreeaod 
and  it  became  more  and  more  apparent  that  no  such 
attacks  were  to  be  expected,  protection  became  lea* 
important  This  does  not  mean  that  protection  will 
not  be  of  very  great  importance  in  the  future.  In  fact, 
if  there  is  another  war,  this  country  must  bo  prepared 
for  early  attack.  Presumably,  such  attack  will  be  di¬ 
rected  at  centers  of  production,  communication,  and 
government  The  problem  of  preparing  adequate  pro¬ 
tection  tor  the  essential  functions  and  for  the  popula¬ 
tion!  of  such  potential  targets  should  be  giv»n  high 
priority,  not  when  the  danger  of  attack  becomes  ap¬ 
parent,  but  from  Mil  on. 

The  original  concern  of  Division  2,  and  its  principal 
concern  until  19411,  was  with  defense.  Aa  World  War 

II  proceeded  emphasis  shifted  gradually  and  continu¬ 
ously  to  attack-  This  change  of  interest  caused  only 
comparatively  minor  change*  in  projects.  Certain 
kinds  of  work,  particularly  that  dealing  with  the 
properties  of  materials,  became  relatively  less  impor¬ 
tant  than  before.  Certain  new  projects  dealing  with 


the  performance  or  with  the  effectiveness  o f  specific 
weapons  or  with  the  possibilities  of  »nK»n*ing  that 
performance  were  added  to  the  Division.  However,' 
most  of  the  work  of  the  Division  was  equally  useful  in 
defense  or  attack. 

This  chapter  describes  those  part!  of  the  program 
of  the  Division  that  are  concerned  with  protection  or 
defense  and  that  are  not  discussed  elsewhere  in  this 
volume.  Brief  references  will  be  made  to  such  disene. 
lions  whenever  necessary  for  complete  urns.  The  fol¬ 
lowing  chapters  of  this  volume  <vwit»tn  information 
especially  pertinent  to  the  present  chapter:  Chapter 
3  on  explosions  in  earth;  Chapters  6,  7,  8,  and  9  on 
terminal  ballistics  of  armor,  concrete,  plastic  protec¬ 
tion,  and  earth ;  Chapter  14  on  defense  against 
charges;  Chapter  16  on  tsrget  analysis  and  weapon 
■election;  and  Chapter  19  on  data  sheets  on  effects 
of  fire,  impact,  explosion.  The  following  subjects  are 
discussed  in  the  present  chapter :  the  damage  to  qm>- 
crete  structures  from  contact  explosions;  damage  to 
light  structures  from  blast,  especially  internal  bleat; 
experiments  on  the  impact  behavior  of  reinforced  con¬ 
crete  beams;  theoretical  analyses  of  the  behavior  of 
atructurea  and  structural  elements  under  impact  and 
Mast;  applications  of  the  information  acquired  to 
problems  of  structural  protection;  and 
tions  for  future  investigation. 

UJ  EXPERIMENT 

A  very  extensive  series  of  tests  was  conducted  by 
Division  8  and  the  Committee  on  Passive  Protection 
Against  Bombing  [CPPAB]  (later  the  Committee  on 
Fortification  Design  [CFD])  on  various  aspects  if 
protection.  The  terminal  ballistics  of  armor,  concrete, 
plastic  protection  and  earth  was  studied  at  the  Prince¬ 
ton  University  Station.  The  effects  of  explosions  ou 
concrete  structure*  were  investigated  at  Princeton  and 
at  Camp  Gruber,  Oklahoma,  io  collaboration  with  the 
Army  Corps  of  Engineers.  The  protection  of  concrete 
structures  against  shaped-charge  attack  was  studied 
at  Carnegie  Institute  of  Technology  in  cooperation 
with  Division  8,  NDBC.  Tests  on  the  behavior  or  rein¬ 
forced  concrete  beams  under  impact  were  mads  at  the 
University  of  Illinois. 
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ttu  Effects  of  Blast 

In  addition  to  tha  vary  extensive  series  of  transient 
measurements  o f  the  various  phenomena  of  blast  and 
blast  propagation  that  are  discussed  in  Chapter  2  of 
this  volume,  some  studies  of  the  effect  of  blast  on 
structures  have  bean  mads, 

Static  Dktonatioh  Tuts  ot  Woon-Fkaxs 
Dwxxxnra  Houss* 

Three  typical  small  wood-frame  dwelling  houses 
were  constructed  by  the  Corps  of  Engineers  at  Aber¬ 
deen  Proving  Grounds  and  subjected  to  the  affects  of 
500-lb  general-purpose  [QP]  bombs  (containing 
<0/40  amatol),  detonating  in  tha  air  and  under 
ground,  and  to  the  effects  of  250-lb  very  lightly  cased 
TNT  charges  (equivalent  in  explosive  weight  to  600- 
lb  GP  bombs),  detonating  in  air.1  The  tests  wore  ana¬ 
lysed  by  the  CPPAB  end  member*  of  Division  2. 
Transient  measurements  of  blast  pressure  and  dis¬ 
placements  were  made.  The  air-blast  detonations  were 
«t  distance*  from  house*  ranging  from  500  down  to 
25  ft  The  below-ground  detonation  (there  wea  only 
one)  occurred  at  distances  ranging  from  17.5  to  6Q.ft 
from  the  three  houses. 

The  following  conclusions  were  drawn. 

1.  Extensive  damage  to  similar  structures  can  be 
expected  at  distance*  lesa  than  30  ft  from  either 
ground  (hock  or  air  blest,  the  former  being  elightly 
more  serious.  Chimneys  were  never  damaged  by  blast, 
but  were  susceptible  to  earth  shock.  Ccmcut-block 
basement  wells  fail  badly  due  to  earth  shock.  Other 
typee  of  foundation  wells,  e.g.,  solid  concrete,  might 
be  somewhat  superior  although  no  great  differeno*  is 
likely. 

2.  Despite  very  severe  damage  on  the  side  of  a 
structure  facing  an  explosion  there  was  never  serious 
collapse,  although  considerable  sagging  occurred.  This 
is  very  significant  since  moat  of  the  casualties  pro¬ 
duced  in  HE  attacks  on  Britain  and  Germany  were 
due  to  structural  collapse.  This  would  naturally  be  a 
much  mor  mmoa  occurrence  with  the  brick  bear¬ 
ing-wall  construction,  to  universal  in  Europe,  than 
with  the  wood-frame  construction  ot  the  houses  ot  the 
present  testa.  On  the  other  hand,  tha  protection 
againat  fragments  afforded  by  the  wooden  house*  ia 
somewhat  leu  than  by  the  12-  to  18-in.  brick  walla 
common  in  Europe. 

3.  Tha  frequent  collapse  of  chimnoys  because  of 
earth  shock  suggests  that  homo  shelter*  should  cot  be 
located  near  chimneys. 


Con  ns m  Blast 

In  order  to  supplement  tha  measurements  of  tran¬ 
sient  pressures  resulting  from  the  detonation  off 
charges  in  confined  spaces'  that  are  discussed  in 
Chapter  2  of  this  volume,  other  experiments  on  tha 
damaging  power  of  such  confined  explosions  were  car¬ 
ried  out  at  Princeton.  The  structure  in  which  theeo 
teats  were  made  had  a  reinforced  concrete  floor,  roo& 
and  columns.  It  vu  about  6J1  ft  square  and  4  ft  high  ; 
thus  it  was  approximately  a  H  scale  model.  Tha  in¬ 
terior  was  completely  enclosed  by  brick  filler  wall*,  1 
course  thick  bonded  to  the  concrete  structure  on  bot¬ 
tom  ind  sides,  but  not  at  tha  top. 

Tha  chargee  consisted  of  22  and  44  g  of  tetryl  and 
were  detonated  at  the  center  of  the  enclosed  apace. 
The  deflection  ot  one  wall  was  recorded  u  a  function 
of  time  during  each  test.  Damega  vu  evaluated  at  tha 
and  of  each  test.  In  addition,  Vi-  and  1-lb  charges  of 
TNT  were  exploded  outside  the  structure  at  8  ft  freon 
the  center  of  a  brick  wait 
The  44-g  tetryl  charge  at  the  center  of  the  chamber 
blew  out  one  wall  completely  and  the  major  portions 
of  tha  others.  Analysis  of  the  record  of  motion  indi¬ 
cates  that  the  wall  accelerated  during  the  firet  85 
msec  following  the  explosion,  at  which  time  the  cen¬ 
ter  displacement  was  about  2  in.  After  that  the  ve¬ 
locity  remained  essentially  constant  This  deflection, 
and  corresponding  interval  of  time,  are  believed  to 
correspond  to  complete  disruption  of  the  wall,  at 
which  point  much  of  its  ability  to  confine  the  gas 
would  have  disappeared.  Tha  22-g  charge  caused 
cracks  in  all  walls  that  essentially  destroyed  their 
strength,  but  did  not  blow  any  wall  out  Following 
this,  tha  external  detonation  of  Vi-  and  1-lb  charges  of 
TNT  3  ft  from  the  centers  of  already  cracked  brick 
walls  showed  no  appreciable  additional  effect,  thus 
illustrating  the  ability  of  confinement  to  enhance  tha 
effect  of  blast  Finally,  a  Vi-lb  charge  of  TNT  deto¬ 
nated  within  the  structure,  completely  wrecking  it 

Tha  corresponding  full-scale  effects  are  the  fallow¬ 
ing: 

1.  One  and  a  quarter  pounds  bf  explosive  within  a 
similar  structure  12  ft  high  and  20  ft  square,  with 
12-in.  brick  walls,  would  cause  serious  wall  tracking. 

2.  Two  and  a  half  pounds  would  blow  out  *ho  walla 
but  would  not  injure  tlie  frame,  although  detonation 
in  contact  with  tha  floor  would  certainly  injur#  it 

3.  Fifteen  pounds  would  cause  complete  destruc¬ 
tion. 

4.  Thirty  pounds  of  TNT  detonating  outside  at  a 
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distance  of  10  ft  from  a  wall  would  not  injure  it  teri- 

•nat y. 

These  concluKour  nn  limited  in  their  applicability 
by  two  factors;  first,  moat  structures  hare  openings  ct 
one  kind  or  another  that  permit  venting  and  reduce 
the  degree  of  confinement ;  second,  by  the  fact  that  the 
single-course  brick  wall  of  the  model  test  ia  not  exactly 
similar  to  a  13-in.,  S-courae  walL  Whether  the  1-course 
wall  is  weaker  or  stronger  is  difficult  to  decide,  al¬ 
though  it  is  believed  to  be  stronger  so  far  as  bending 
as  a  whole  ia  concerned. 

Underground  Explosions 

Extensive  tests  on  massive  buried  reinforced -con¬ 
crete  structures,  representing  elements  of  fortifica¬ 
tions  were  carried  out  at  scales  ranging  from  Vs  1° 
full,  aud  are  discussed  in  Chapter  3.  The  full-scale 
target  was  a  concrete  box  25  ft  square  in  plan  and  17 Vi 
ft  deep  without  floor  or  roof.  The  aide  walls  of  the 
full-scale  structure  ranged  in  thickness  from  2.1  ft 
to  5  ft.  The  charge  used  in  the  full-scale  teats  was 
1,000  lb,  corresponding  to  tbe  effect  of  a  2,000-lb  GP 
bomb.  Charges  were  detonated  at  distances  ranging 
frem  contact  to  where  only  minor  damage  resulted.  In 
another  series  of  tests,  sealed  targets  with  floor  and 
roof  were  exposed  to  contact  explosions.  The  largest  of 
these  structures  was  47  ft  square  «ud  23  ft  high,  with 
walls  ranging  from  about  10  to  13.5  ft  in  thickness 
and  with  a  9.5-ft  roof.  At  the  same  time  a  very  exten- 
’  sive  series  of  measurements  of  the  transient  phenom¬ 
ena  that  accompany  an  explosion  in  earth  was  made  in 
order  to  facilitate  extension  of  the  results  obtained  to 
situations  not  exactly  similar  to  those  of  the  tests. 

Relations  between  damage,  structural  characteris¬ 
tics,  distance  of  explosion,  type  of  soil,  and  amount  of 
charge  have  been  determined  and  are  given  in  Chapter 
3,  where  these  investigations  an  fully  discussed.  A 
method  of  analysis  for  predicting  the  effect  of  an  un¬ 
derground  explosion  on  a  massive  buried  target  has 
been  developed  that  gives  results  of  the  Bame  order  as 
those  observed.  This  is  described  in  Section  15.5.2. 

U  Contact  Explosions  on  Concrete 

Tn  addition  to  the  investigations  of  the  effects  of 
explosions  on  massive,  buried  concrete  structures  de¬ 
scribed  in  Chapter  3,  and  to  the  studies  of  the  addi¬ 
tional  cratering  caused  by  the  explosion  of  projectiles 
after  partial  penetration  of  concrete  slabs  that  are  dis¬ 
cussed  in  Chapter  7,  certain  more  or  less  fundamental 
studies  of  the  mechanism  of  crater  formation  in  con¬ 


crete,  and  of  the  factors  that  control  it,  were  made 
jointly  by  the  CFD  and  Division  3  at  Princetoru  The 
factors  that  were  investigated  are  the  kind  of  explo¬ 
sive,  the  shape  of  charge  and  point  of  initiation,  tha 
closeness  of  contact  with  the  concrete  surface,  and  tha 
strength  of  the  concrete.  In  connection  with  this  pro¬ 
gram,  the  relation  between  tha  impulse  exerted  by  ex¬ 
plosion  of  a  contact  air -backed  charge  and  tha  sue  and 
shape  of  the  charge  was  obtained  from  an  impulse 
pendulum  constructed  for  this  purpose.  Some  investi¬ 
gations  of  the  effect  of  using  spaced  slabs  and  of  em¬ 
ploying  a  scab-mesh  (without  concrete  cover)  to  con¬ 
trol  scabbing  were  made. 

Scxbbxno 

The  phenomenon  of  scabbing*  consists  in  the  violent 
separation  of  a  mass  of  material  from  th6  opposite  faoe 
of  a  plate  or  slat  subjected  to  an  impact  or  impulse. 
The  scabbing  due  to  impact  of  a  projectile  on  a  con¬ 
crete  slab  is  dismissed  In  Chapter  7,  while  scabbing 
caused  by  contact  eArth-backed  detonation  is  described 
in  Chapter  3.  The  scabbing  that  is  produced  in  a  con¬ 
crete  slab  by  an  air-backed  explosion  is  discussed  here. 
Scabbing  ia  undoubtedly  due  to  the  propagation  of  a 
compression  wave  from  one  face  to  tbo  other,  and  ita 
subsequent  reflection  as  a  tensile  wave.  A  material 
that  is  weak  in  tenaion,  like  concrete,  may  be  unable 
to  withstand  the  stresses  produced,  causing  large 
pieces  to  be  thrown  off  with  considerable  velocity.  No 
complete  analysis  of  tbe  mechanism  of  scabbing  baa 
been  made;  such  an  analysis  would  not  be  entirely  re¬ 
liable  because  the  behavior  of  brittle  materials  undor 
tension  is  somewhat  unpredictable  in  that  consider¬ 
able  variation  may  occur  from  one  test  to  the  next. 
The  tendency  to  scab  decreases  rapidly  with  an  in¬ 
crease  in  slab  thickness,  and,  of  course,  increases  with 
an  increase  in  the  amount  or  effectiveness  of  the 
explosive. 

For  concrete  of  about  4.000-pai  compressive 
strength,  the  scabbing  limit  for  Vh-lb  TNT  demolition 
blocks  (l^xiyaxSft-m.)  standing  on  end  and  in¬ 
itiated  at  the  top  is  approximately  8  in.  For  the  same 
blocks  lying  flat  the  limit  thickness  is  about  10  in. 
This  difference  is  due  to  the  greater  impulse  exerted 
by  the  flat  charge.  By  use  of  the  model  law  discussed 
in  Chapter  8,  it  is  possible  to  predict  the  limit  scab¬ 
bing  thicknesses  for  similar  charges  of  TNT  (or  an 
equivalent  explosive)  of  other  sizes.  Thus,  for  end-on 
and  bidc-on  detonation,  respectively, 

T,  =  0.85JF»,  (1> 

and  T  =>  1.0W».  (3) 


CONFIDENTIAL 


In  these  expressions  T  is  the  acabbing-limit  thickness 
in  feet  for  concrete  of  normsl  strength  (sboat  3,000* 
4,000  pti)  end  If  is  the  weight  of  charge  in  pounds, 
having  about  the  seme  proportions  as  the  demolition 
blocks.  For  other  proportions,  interpolation  or  extra* 
polstion  is  necessary.  This  can  probably  be  done 
safety  in  terns  of  the  impulse  of  the  explosions,  os* 
auming  lor  example  that  the  scabbing  limit  depends 
only  on  the  impulse  produced.  On  this  assumption, 

r  =  0.«J»,  (8) 

where  T  is  scabbing  limit  in  feet  and  J  is  the  impulse 
caused  by  the  explosion.  This  quantity  is  discussed  in 
Section  15.2.4  and  methods  of  predicting  it  are  given. 
It  muat  be  pointed  out,  however,  that  the  relation  be¬ 
tween  thickness  and  impulse  that  is  shown  has  not 
been  verified,  and  ie  offered  only  for  want  of  anything 
better.  The  relation  between  scabbing  limit  and  con¬ 
crete  strength  has  not  been  determined ;  it  is  believed 
that  the  limit  thicknesa  doea  not  vary  greatly  with 
changes  in  strength. 

The  scabbed  volume  ia  shallower  and  broader  than 
the  front-face  crater.  Its  volume  in  a  6-in.  slab  sub¬ 
jected  to  end-on  detonation  of  V4-lb  demolition  blocks 
was  from  four  to  aik  times  that  of  the  crater.  The 
presence  of  earth,  or  other  backing  material,  in  con¬ 
tact  with  the  rear  slab  face  tends  to  *  -vent  scabbing. 

Conthol  or  Scabbing 

Scabbing  of  tho  interior  of  a  concrete  structure  from 
impact  or  contact  explosion  it  usually  less  serious  than 
would  be  the  penetration  of  the  same  missile  and  its 
subsequent  confined  explosion.  However,  since  scab¬ 
bing  may  be  produced  by  contact  explosion  of  high- 
capacity  weapons  unable  to  penetrate,  and  ia  a  serious 
danger  to  pcrsounel  or  equipment  exposed  to  it,  means 
of  preventing  or  controlling  scabbing  are  desirable  in 
many  situations.1  Since  the  scab  is  shallow,  it  is  not 
greatly  affected  by  interior  reinforcing  of  the  slab 
unless  the  latter  is  near  the  inside  face.  If  there  is  a 
layer  of  steel  bars  uear  the  inner  face  it  will  generally 
cause  a  plane  of  weakness  that  facilitates  scabbing. 
If  the  reinforcing  layer  is  moved  nearer  the  face  of 
tho  slab  the  amount  of  scabbed  material  decreases.  For 
a  layer  of  steel  bare,  or  a  steel  mesh,  against  the  slab 
face,  a  scab  may  form  but  will  not  leave  the  slab 
provided  the  bait  or  mesh  are  firmly  tied  to  the  in¬ 
terior  reinforcing.  An  alternative  is  to  use  a  scab  plate 
which  must  also  be  tied  in  to  the  interior  reinforcing. 
No  information  on  the  design  requirements  of  such 
antiscabbing  devices  is  available.  See  also  Section 


7.2.3  of  Chapter  T.  Another  scheme,  much  used  by  the 
Germans  in  the  roofs  of  pillboxes  end  covered  gun 
emplacements,  is  to  place  small  steel  I-beams  either 
side  by  aide,  or  separated  and  with  curved  steel  soffit 
plates  between  lower  flanges,  on  the  bottom  face*. 
These  serve  three  purposes,  as  antiscabbing  protection, 
formwork  during  the  placing  of  concrete,  and  en¬ 
hancement  <  t  resistance  to  perforation  by  bombs  or 
projectiles,  i  double  wall  of  concrete  with  air  or  some 
packing  matei.al  between  the  sections  also  offers  more 
resistance  to  scabbing  than  does  a  single  wall  with  the 
same  amount  of  concrete.  The  resistance  to  projectile 
perforation  ia  also  slightly  increased.  This  scheme  has 
two  principal  objections:  first,  detonatio"  of  an  HE 
shell  in  the  inner  space  will  be  much  more  destructive 
because  of  the  confinement  than  if  it  detonated  at  the 
bottom  of  its  normal  crater  in  e  solid  wall;  second, 
the  cost  of  construction  is  increased  by  the  complica¬ 
tions  of  a  double  wall. 

CaaimNCi 

A  crater  is  produced  at  a  point  of  impact  or  im¬ 
pulse,  cr  by  au  interual  explosion.  Craters  in  earth  are 
discussed  in  Chapter  3,  craters  in  concrete  from  pro¬ 
jectile  impact  in  Chapter  7.  Craters  are  also  produced 
in  concrete  by  contact  rr  near-contact  explosions; 
these  ore  the  subject  of  this  section.*'* 

Presumably,  a  crater  is  produced  by  an  explosion 
as  the  result  of  very  high,  very  concentrated  forces 
underneath  the  explosion.  These  force  material  in¬ 
ward,  causing  breakup  and  displacement  of  a  cone  of 
meterial  surrounding  tho  inward  moving  region.  No 
complete  investigation  of  the  mechanism  of  cratering 
has  been  made.  The  normal  shape  of  n  crater  produced 
by  contact  explosion  is  quite  difforent  from  that  of  a 
scab.  The  shape  is  nearly  but  not  exactly  conical.  The 
depth  is  approximately  0.5  and  tire  diameter  2.5  times 
tho  cube  root  of  tho  volume  (oxpressed  in  the  same 
units). 

Since  the  crater  is  caused  by  the  explosive  pressures 
its  size  will  be  affected  by  anything  that  affects  the 
magnitude,  the  duration,  or  the  distribution  of  explo¬ 
sive  pressures.  For  contact  charges  of  a  constant 
amount  of  a  given  explosive,  a  change  of  shapo  of  the 
charge  has  considerable  effect  on  its  cratering  ability. 
A  chaugo  of  shape  also  affects  the  impulse  produced 
by  a  given  amount  of  explosive,  as  will  be  discussed 
later.  Thus  it  is  logical  to  assume  that  some  relation 
exists  between  the  impulse  and  the  cratering  power  of 
a  given  charge.  However,  it  is  clear  that  other  factors 
will  also  affect  the  situation,  since  the  impulse  exerted 
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by  an  explosion  is  the  time  integral  of  the  total  force 
exerted  on  the  whole  surface  of  the  slab,  whereas  the 
crater  is  caused  by  the  Tory  large  pressures  in  the 
immediate  vicinity  of  the  charge  and  only  so  long  as 
they  exceed  the  confined  compressive  strength  of  the 
material.  An  extensive  series  of  testa*  has  shown  that 
good  correlation  exists  between  impulse  and  crater 
volume,  but  the  rather  serious  scattering  of  data 
indicates  that  other  factors  are  important.  This  tela* 
tion  is  approximately 

V  =  1AJ,  (4) 

for  charges  on  end  and  detonated  at  the  end  ewey 

from  the  alafct  and 

V  »  lJj J,  (5) 

for  charges  lying  on  their  sides  and  detonated  at  one 
end.  V  is  the  crater  volume  in  cu  in.  and  J  is  tho 
total  impulse  of  the  explosion  in  lb-sec,  discussed  later. 
The  concrete  is  assumed  to  be  of  normal  strength,  of 
the  order  of  4,040  pei. 

The  crater  volume  is  affected  by  a  number  of  factors 
whose  influence  is  not  perfectly  understood.  For  ex* 
ample,  the  volume  is  dependent  on  the  concrete 
strength;  preliminary  tests  indicate  that  it  varies 
approximately  inversely  os  tho  square  root  of  the 
strength.*  Thus,  increasing  tire  strength  by  50  per 
■cent  will  dccreaee  the  crater  volume  by  about  85 
per  cent 

The  orientation  of  the  charge  is  very  important  in¬ 
asmuch  as  it  affects  the  impulse  very  strongly,  as 
shown  later.  Thus  side-on  detonation  of  demolition 
blocks  gives  volumes  about  25  por  cent  larger  than 
docs  end-on  detonation. 

The  point  of  detonation  of  the  charge  app  ars  to  be 
very  important,  and  ia  believed  to  be  responsible  for 
much  of  the  lack  of  correlation  in  the  series  of  testa 
on  which  equations  (4)  and  (5)  are  based.  Prelim¬ 
inary  teats*  on  concrete  and  steel  plates  using  demoli¬ 
tion  blocks  on  end  and  detonated  either  st  the  top 
or  at  the  bottom  gave  tho  following  results’,  impulses 
were  affected  only  slightly;  initiation  at  the  bottom 
gave  impulses  4  per  cent  greater  than  at  tho  top.  How¬ 
ever,  initiation  at  the  top  gave  greater  damage;  in 
mild  steel,  crater  volumes  were  doubled,  and  in  con¬ 
crete  they  were  nearly  quadrupled  over  those  for  base 
initiation. 

Some  tests*  made  with  different  explosives  indicate 
that  there  ia  close  correlation  between  crater  volume 
and  both  velocity  of  detonation  in  the  explosive  and 
the  so-called  “plate  denting  index”  used  by  explosive 
technicians  at  a  measure  of  the  6nsonc«  of  an  explo¬ 


sive.  At  detonation  velocity  increases  from  28,500  fpe 
(TUT)  to  25,500  fpe  (Comp.  B),  the  crater  votum 
for  a  given  weight  and  shape  of  charge  increases  by 
about  60  per  cent.  These  are  only  tentative  relations, 
however. 

14X4  Impulse  Delivered  to  a  Slab 
by  a  Contact  Explosion 
When  a  charge  detonates  near  a  fiat  surface,  pres¬ 
sures  are  exerted  on  the  surface  that  may  cause  it  to 
move  or  may  damage  it  For  contact  charges  the  stmt 
effects  occur.  In  this  case  the  damage  may  be  charac¬ 
terized  either  as  focal  or  as  indirtd.  The  first  depends 
very  much  on  the  intensities  of  pressure  acting,  a* 
well  as  on  the  durations.  Indirect  damage  can  occur 
in  portions  of  the  targot  structure  that  are  distant 
from  the  charge;  it  depends  mostly  on  the  impulse, 
or  total  integral  with  respect  to  time  of  the  force  act¬ 
ing  on  the  structure. 

The  direct  measurement  of  pressures  from  contact 
charges  it  extremely  difficult  because  of  the  intenutiea 
that  occur.  It  may  be  possible  by  indirect  methods 
to  obtain  some  idea  of  intensities,  i.e.,  from  compar¬ 
ison  of  crater  dimensions  in  materials  of  different 
strengths.  Impulse,  however,  can  be  measured  quite 
easily.  Such  measurements  aro  useful  in  dealing  with 
the  indirect  damage  resulting  from  contact  explosions, 
and  are  alto  related  to  the  local  damage,  such  ts 
cratering,  sinco  some  of  tho  factors  altering  pressures 
must  also  affect  impulse.  However,  as  shown  in  the 
discussion  of  the  relation  between  impulse  and  crater 
volume  given  in  the  previoua  section,  tho  extent  of 
local  damage  can  be  greatly  chengcd  by  such  things 
os  changing  the  point  of  initiation,  which  rcsulta  in 
only  secondary  changes  in  impulse. 

The  impulse  from  a  contact  explosion  is  the  time 
integral  of  the  total  force  exerted  on  the  target  This 
must  include  both  the  very  intense  instantaneous 
pressures  under  the  charge  and  the  longer  lasting 
pressures  surrounding  the  charge  following  the  ex¬ 
plosion.  The  impulse  will  certainly  dopend  on  the  land 
of  explosive  and  on  the  shape  of  the  charge  used. 
Thus  a  long,  thin  stick  of  explosive  perpendicular  to 
a  surface  will  deliver  a  smaller' impulse  than  the  same 
stick  lying  flat,  or  the  same  amount  of  explosive  in  a 
short,  wide  cyUuder.  In  other  words,  to  increase  im¬ 
pulse  by  adding  explosive,  it  should  be  added  in  con¬ 
tact  or  near  contact  for  the  greatest  effect.  The  im¬ 
pulse  is  affected  by  confinement.  Thus  a  given  amount 
of  charge  ia  a  crater  is  confined  on  the  sides  and  must 
expand  more  in  a  vertical  direction  than  if  it  were  on 
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a  plane  surface.*  This  effect  may  result  in  an  apparent 
difference  in  behavior  between  strong;  materials  and 
weak  materials,  since  the  formation  of  a  crater  may 
be  an  essentially  unstable  process  which  proceeds  more 
rapidly  with  an  increase  in  site. 

Tax  Lhpol&x  Ebhdoldx 

For  measuring  explosive  impulse*  an  impulse  pen- 
dulum'**  was  constructed  at  Princeton.  This  is  essen¬ 
tially  a  steel  frame  about  12  ft  high  from  which  is 
pivoted  a  steel  member  supporting  two  pieces  of  armor 
plate  which  are  placed  back  to  btfck  and  separated  by 
the  thickness  of  the  pivoted  supporting  member.  An 
impulse  normal  to  the  surface  of  one  piece  of  plat* 
will  cause  the  plates  and  their  support  to  swing  about 
the  pivot  The  amount  of  swing  can  be  measured  and 
used  to  calculate  tho  impulse.  Different  sizes  of  plate 
can  be  uced;  tho  largest  were  2  ft  square  and  3  in. 
thick,  weighing  approximately  1,200  lb  (two  plates). 
Charges  can  bo  detonated  at  tho  center  of  one  plate 
and  their  impulses  measured. 

For  the  charge  sizes  (up  to  2.3  lb)  and  plate  sizes 
(18  to  24  in.  squaro)  that  havo  been  used  there 
appears  to  bo  no  effect  of  pit  te  size.  Thus,  for  a  plane 
surface,  the  impulse  delivered  is  found  to  be  dependent 
on  the  weight  of  charge,  tbe  type  of  explosive,  and  a 
geometrical  shape  factor.  Dimeusicnal  considerations 
indicate  that  if  other  things  are  kept  constant  the 
total  impulse  is  directly  proportional  to  charge 
weight.*  The  relative  effectiveness  of  different  explo¬ 
sives  can  be  represented  by  explosive  coefficients; 
several  of  theso  are  shown  in  Table  1.* 


Taxl*  1.  Relative  explosive  lector*  for  impulse. 


Explosive 

Factor 

TNT 

1.00 

Tritoa-U  80/20 

1.03 

Tetrytol  60/60 

1.04 

Comp.  B 

1.07 

Pentoiite  80/50 

1.07 

C-3  Pl/wtlo  explosive 

l.M 

HUX-2 

1.22 

Tetryl 

1.68 

Teste  have  been  made  for  a  largo  variety  of  charge 
shapes.  From  these  it  appears  that  the  geometrical 
parameter  can  he  taken  as  h/\f  A,  where  h  is  the 
dimension  of  the  charge  perpendicular  to  the  target 
surface  and  A  is  the  sectional  area  of  chargo  parallel 
to  the  surface.  For  a  cylindrical  charge  with  its  axis 
paraliel  to  the  surface,  A  con  be  taken  as  its  plan  area 
(diameter  times  length).  Thus  impulse  can  be  ex¬ 
pressed  as  the  product  of  charge-weight  times  the 


explosive  factor  given  in  Table  1,  multiplied  by  * 
function  of  the  ahape  factor  k/y/A.  For  TNT  (either 
pressed  or  cast)  the  following  relation  for  impulse 
has  been  determined: 


J 

¥ 


180 

.  .  ©.8 Ik* 

,+ vT 


(«> 


where  J  ie  the  impulse  expressed  injb-seo.  This  is 
bssed  on  experiments  in  which  h/\'A  ranged  from 
0.25  to  5.4. 

An  important  result  of  this  investigation  is  the 
knowledge  thst  considerable  differences  in  impute* 
can  be  obtained  with  a  given  charge  simply  by  chang¬ 
ing  its  orientation.  For  example,  a  TNT  demolition 
block  weighs  %  lb  and  ia  1.75  in.  square  by  3.25  in- 
long.  On  end,  its  shape  factor  is  1.86;  on  one  side 
it  is  0.74.  From  equation  (6)  the  corresponding  im¬ 
pulse  factors  arc  70  and  110.  Thus  end-on  and  aide-on 
impulses  from  a  block  are  35  and  65  lb-sec. 

The  effect  of  changing  the  point  of  initiation  of  the 
charge  was  investigated.*  The  effect  on  impulse  was 
found  to  be  very  small,  amounting  to  only  4  per  cent 
in  the  case  of  demolition  blocks  on  end.  Base  initiation 
gave  the  greater  impulse.  The  effect  of  small  standoff 
was  not  studied.  It  is  probablo  that  tho  effect  of  stand¬ 
off  on  impulse  is  much  less  than  tho  effect  on  local 
damage  discussed  in  a  previous  section. 


UAS  Impact  Teats  of  Reinforced  Concrete 
Beams 

At  the  University  of  Illinois  an  extensive  test  pro¬ 
gram  was  conducted  on  the  behavior  of  small  rcin- 
forced-concrcte  beams  under  impact.'*-1'  The  testa 
were  arranged  in  seven  series,  each  series  designed  to 
determine  tho  effect  of  varying  some  beam  parameter. 
In  all,  435  beams  were  tested.  Impact  was  produced 
by  hammers,  weighing  from  7  to  50  11,  striking  the 
beams  centrally  at  velocities  up  to  about  100  fps.  Tbe 
hammers  were  accelerated  by  compressed  air  driving 
a  piston. 

The  following  sets  of  tests  were  made: 

Series  1.  Effect  of  type  of  contact  between  hammer 
and  beam.  Interposed  bearing  plates  of  three  size* 
and  weights  were  employed  to  transmit  the  impact  to 
the  beams.  A  few  test*  were  made  witbo"t  bearing 
plates. 

Series  2.  Effect  of  amount  and  grade  of  longitudi¬ 
nal  reinforcing  steel  with  light  web  reinforcement. 
Ono  group  of  beams  had  no  web  reinforcing. 
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Series  3.  Effect  of  amount  and  grade  of  longitudir- 
m2  reinforcing  steel  with  heavy  web  reinforcement. 

Series  4.  Effect  of  type  of  web  reinforcement,  in • 
eluding  ordinary  U -stirrups,  spirals,  and  welded  units. 

Series  6.  Effect  of  concrete  strength,  with  stirrups. 

Series  6.  Effect  of  artificial  scabbing  planes,  beams 
will  and  without  stirrups. 


Series  7.  Effect  of  varying  beam  spans. 

Tbs  beams  of  series  1  to  5  were  4  in.  wide,  5%  in. 
OM*n;  and  4?  in.  long  on  42-in.  cp&n  with  the  impact 
applied  at  midspan.  A  detail  of  a  typical  beam  is  given 
in  Figure  1.  The  beams  of  series  6  were  identical  to 
these  excent  for  the  addition  of  %Vs  in.  of  concrete  end 
two  %-im  bare  added  to  the  bottom.  The  beams  at 
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■erica  7  were  of  identical  aection  to  that  shown  in. 
Figure  2.  They  varied  in  length  by  2-ft  incrementa 
from  30-in.  to  123-in.  and  provided  apana  of  2,  4,  3, 
8,  and  10  ft  Except  for  aeriea  S  all  beama  were 
made  of  concrete  of  the  same  mix,  intended  to  give  a 
compressive  atrength  of  4,000  pai.  The  concrete  vu 
cored  moist  for  ?  days,  then  stored  until  the  beama 
were  tested  at  the  age  of  about  28  days.  Generally, 
twelve  beama  of  a  kind  were  poured  at  the  aame  time 
to  provide  for  impact  testa  with  three  hammer 
weights,  each  at  four  velocities.  Two  4x8-in-  control 
cylinders  were  made  with  each  batch  of  three  beama 
and  were  stored  with  them  and  tested  at  the  same  time. 

Trarraa  Pbocxdou 

The  beama  were  tested  in  the  pneumatic  impact- 
tenting  machine  that  is  illustrated  in  Figure  2.  The 
ends  of  the  beam  were  supported  on  short  lengths  of 
12-in.  steel  I-beam  transverse  to  the  length  of  the  test 
beam,  and  were  clamped  in  such  a  way  that  the  ends 
of  the  test  beam  were  held  down  during  the  test  but 
were  not  restrained  against  rotation. 

In  all  the  testa  except  those  of  aeries  1  the  impacts 
wore  applied  through  a  4x3xV&-in.  steel  bearing  plate 
embedded  in  a  thin  layer  of  plaster  of  Paris  at  the 
midspan  of  the  beam. 

The  natural  frequency  of  esch  beam  was  measur'  d 
both  before  and  after  impact  in  order  to  secure  a  sim¬ 
ple,  quantitative  measure  of  the  extent  of  damage  pro¬ 
duced  by  impact 

The  velocity  of  the  hammer  was  measured  just  be¬ 
fore  impact.  In  order  to  limit  the  stroke  of  the  ham¬ 
mer  and  to  prevent  it  leaving  tbo  pneumatic  cylinder, 
a  stop  was  placed  beneath  the  test  beam  which  limited 
the  deflection  of  the  beam  under  the  heavier  impacts. 
Because  the  air  pressure  in  the  piston  was  not  released 
duriug  impact  aud  was  reduced  by  only  about  6  per 
cent  because  of  tho  increase  in  volume  as  the  hammer 
was  driven  downwsr  1,  a  continued  static  force  was  ex¬ 
erted  on  the  hammer,  and  consequently  on  ths  beam, 
after  impact-  Not  only  did  this  static  force  resist  re¬ 
covery  of  the  beam  after  impact,  but  it  contributed  to 
the  deflection,  increasing  it  beyond  the  amount  that 
would  have  occurred  under  impact  of  the  hammer  at 
the  same  velocity  but  without  air  backing.  This  effect 
is  discussed  further  in  Section  15.5.1. 

•  After  impact,  the  permanent  deflection  was  record¬ 
ed,  and  a  sketch  made  of  the  beam  showing  the  extent 
of  spalling  o”  scabbing  and  the  pattern  of  cracks.  Pho¬ 
tographs  were  taken  of  all  beams  to  record  the  visible 
damage.  After  the  second  determination  of  natural 


frequency,  the  beam  was  loaded  statically  to  failure  to 
determine  by  what  amount  the  load-carrying  capacity 
had  been  diminished  by  the  impact. 

CoHQLUSlONi 

Effect  of  Weight  of  Bearing  Plate.  Three  weights  at 
bearing  plate,  0.04, 2.T,  and  18  Tb,  were  used.  With  the 
7.5  and  18-lb  hammers  the  greatest  damage  was  pro¬ 
duced  with  the  1.7-lb  plate;  with  the  50-ik  hammer 
the  greatest  damage  occurred  with  heavy  plate;  but 
with  all  three  hammers,  the  tendency  to  scabbing  was 
greatest  with  the  light  plate; 

As  would  be  expected,  the  permanent  deflection  of 
the  beam  decreased  with  an  increase  in  the  weight  of 
bearing  plate,  and  the  greatest  change  occurred  with 
the  lightest  hammer.  With  the  50-lb  hammer  the  effect 
of  the  bearing-plate  weight  was  very  small. 

Effect  of  Repeated  Impact.  Several  beams  of  aeriea 
1  were  subjected  to  a  repetition  of  impact.  Even  after 
a  light  impact,  the  second  blow  increased  the  defleo- 
ti;<n  as  would  be  expected,  since  esch  blow  adds  rough¬ 
ly  the  same  amount  of  energy  to  the  beam ;  if  one  blow 
causes  plastic  deformation  the  second  may  be  expected 
to  cause  additional  deformation.  A  rapid  increase  in 
structural  damage  seems  likely  with  repeated  impacts. 

Effect  of  Variation!  in  Amount  of  Reinforcing 
Steel.  The  role  of  longitudinal  rciuforcing  is  to  resist 
bending  of  the  beam  as  a  whole,  whereas  the  web  rein¬ 
forcement  serves  to  maintain  the  integrity  of  the 
beam.  Under  concentrated  impact,  os  in  tho  present 
series  of  tests,  there  is  a  strong  tendency  for  the  beam 
to  be  broken  up  in  the  vicinity  of  the  blow.  Such 
breaking  up  can  completely  destroy  tho  bending 
strength  of  a  beam  by  removing  the  concrete  surround¬ 
ing  tho  tensile  bars  at  the  section  of  tho  greatest  bend¬ 
ing  moment.  Consequently,  for  impacts  of  this  kind, 
web  reinforcing  is  very  important  in  order  to  confine 
the  concrete  after  it  cracks;  it  also  tends  to  proven! 
buckling  of  longitudinal  steel  when  vibration  of  the 
beam  puts  it  into  compression.  Various  arrangements 
of  web  reinforcing  were  tried.  There  appeared  to  be 
little  difference  between  these  provided  they  were  caps- 
ble  of  the  two  functione  juet  mentioned,  restraint  of 
concrete  after  cracking,  and  restraint  of  longitudinal 
steel  against  buckling.  It  should  be  mentioned  that 
since  a  beam  will  vibrate  upward  as  well  as  down,  both 
top  aud  bottom  bars  go  into  compression.  It  should  also 
be  pointed  out  that  beams  or  panels  subjected  to  dis¬ 
tributed  impulsivt  loads  are  very  much  less  liable  to 
local  breakup,  and  the  principal  function  of  any  web 


CONFIDENTIAL 


EXPERIMENT 


291 


Flora*  X  PoeumuUo  testing  machine  with  beam  in 
pUoe  (or  test  with  60-lb.  hammer 


reinforcing  is  thci\  to  prevent  buckling  of  longitudi¬ 
nal  steel. 

The  heavy  hammers  tended  to  produce  vertical 
cracks  (similar  to  those  occurring  during  static  load¬ 
ing  teats),  whereas  the  lighter  hummers  tended  to 
cause  the  diagonal  cracks  characteristic  of  scabbing. 
The  velocity  of  impact  appears  to  be  t'ue  most  impor¬ 
tant  factor  in  scabbing;  the  lightest  hammer  at  tho 
highest  velocities  caused  extensive  scabbing  and  spall- 
ing. 

There  ia  some  indication  that  an  incrcaso  in  the 
hammer  "olocity  tends  to  cause  a  decrease  in  the  in¬ 
itial  slope,  yield  load,  and  maximum  load  obtained  in 
tho  static  teat  following  impact.  This  effect  would  ba 
expected  since  thehigher  velocity  impacts  would  tend  to 
produce  more  extensive  cracking  throughout  the  beam. 

Effid  of  Concrete  Strength.  Tho  compressive 
strength  of  the  concrete  had  only  a  secondary  influ¬ 
ence  on  the  action  of  the  beams  except  for  the  impacts 
of  greatest  energy,  for  which  the  intermediate- 
strength  concrete  appeared  to  offer  the  greatest  resist¬ 
ance.  With  low-strength  concrete,  the  principal  phe¬ 
nomenon  accompanying  failure  appeared  to  be  crush¬ 
ing  of  the  concrete  immediately  under  the  bearing 
block.  With  the  high-strength  concrete,  there  was  a 
wedging  and  splitting  action  beneath  the  bearing 


block,  a  chunk  of  concrete  being  forced  down  inte  the 
beam,  spreading  the  stirrups  and  longitudinal  steal 
..part.  This  action  would  have  been  much  less  serious 
if  the  etirrups  had  been  complete  loops  instead  of  XT- 
shaped,  as  in  this  particular  teat 
In  general,  it  may  be  said  that  tho  concrete  serves 
four  functions:  (1)  it  furnish*-.  mess  (the  greater  the 
mass  of  the  beam,  the  leas  energy  is  given  to  it,  other 
things  being  equal),  (2)  it  furnishes  compressive 
strength  to  balance  the  tension  of  the  stretched  longi¬ 
tudinal  bars,  (3)  it  keeps  this  tension  at  a  distance 
from  the  compression  portion  of  the  beam,  which  ia 
necessary  for  bending  strength,  and  (4)  it  ia  the  me¬ 
dium  for  transferring  the  impulsive  load  to  the  beam. 
Tor  amounts  of  longitudinal  steel  such  aa  used  here 
(about  1.5  per  cent  at  the  bottom  of  the  beam),  the 
steel  yields  more  than  the  concrete,  even  for  concrete 
of  moderate  strength.  (Note  that  a  beam  may  be  over- 
rcinforced  for  elastic  deformation  and  at  the  same 
time  underreinforced  for  plastic.)  Thus,  changing  the 
concrete  had  little  effect  on  the  bonding  strength  of 
the  member,  but  would  be  expected  to  affect  the  local 
failure  occurring  under  the  load. 

Effect  of  Artificial  Scabbing  Planet.  Horizontal 
planes  of  weakness  were  introduced  near  tho  bottoms 
of  beams  with  tho  thought  that  under  impact,  separa¬ 
tion  would  occur  at  this  section  and  that  the  scabbed 
material  would  carry  away  from  the  beam  most  of  the 
energy  given  it,  avoiding  further  damage  to  the  beam. 
Unfortunately,  practically  no  scabbing  was  caused  in 
any  of  the  experiments  and  it  is  impossible  to  draw 
any  conclusions  os  to  the  possiblo  efficacy  of  this 
scheme.  These  beams  were,  however,  decidedly  unsat¬ 
isfactory  since  they  wero  considerably  weaker  statically 
than  beams  of  the  same  total  depth  without  scabbing 
planes. 

Effect  of  Span  Length.  These  tests  furnished  only 
a  partial  answer  to  tho  question  as  to  the  effect  of  span 
on  the  impact  resistance  of  a  beam,  since  the  results 
were  complicated  by  the  effect  of  the  continuously  act¬ 
ing  air  pressure  in  the  cylinder  of  tho  hammer.  The 
force  so  applied  was,  for  the  higher  pressures  and 
longer  beams,  of  the  same  order  as  the  static  strength 
of  the  beams,  hence  the  additional  deflection  due  to 
this  alone  was  too  great  to  neglect.  However,  some  of 
these  results  have  been  analyzed  by  tho  theory  of  plas¬ 
tic  action  discussed  later  in  this  chapter  and  illustrat¬ 
ed  in  Section  15.5.1.  Since  this  analysis  gives  reculta 
that  agTce  generally  with  the  observations  it  is  con¬ 
cluded  that  the  analysis  fa  reliable.  According  to  this 
theory  the  general  or  distributed  damage  (plastic 
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bending)  decreases  with  an  increase  in  span.  This  con- 
elusion  is  partly  supported  by  the  ~esulta  of  these  tests, 
since  it  was  found  that  at  low  impact  velocities,  cor* 
responding  to  low  air  pressures,  resistance  of  beams 
increased  with  span.  However,  local  damage  is  nearly 
independent  of  span. 

The  deflected  shapes  of  the  beams  were  determined 
sfler  impact  and  fonod  to  be  approximately  linear 
from  the  span  center  to  each  support,  with  a  short 
curved  portion  in  the  vicinity  of  the  span  center. 
There  was  also  a  small  negative  curvature  in  the  outer 
portions  near  the  supports. 

reference  should  be  made  to  Sections  15.3.2  and 
15.5.1,  which  discuss  the  analysis  of  these  testa. 

154  THEORY  AND  ANALYSIS 

Because  of  the  great  variety  of  structures,  materials, 
attacking  agents,  and  conditions  of  attack,  no  experi¬ 
mental  study  can  be  complete.  Thus,  it  is  desirable  to 
develop  a  method  of  analyzing  structural  behavior,  in 
order  that  the  results  ot  the  limited  number  of  experi¬ 
ments  that  can  be  made  may  be  used  with  confidence 
in  predicting  the  behavior  of  structures  of  types  that 
have  not  been  investigated  or  that  are  subjected  to 
situations  that  havo  not  been  studied  experimentally. 
A  method  of  analysis  must  fulfill  certain  require¬ 
ments: 

It  must  be  simple  and  straightforward  euough  for 
use  by  the  individuals  who  will  have  to  use  it,  or  else 
bo  reducible  to  graphs  or  tables  for  such  use.  It  must 
give  results  that  are  reasonably  reliable,  pocsibly 
within  a  factor  of  2,  although  this  will  depend  on  the 
particular  situation;  an  empirical  parameter  intro¬ 
duced  to  make  the  unalysis  fit  observation  is  permis¬ 
sible,  but  its  prcsenco  limits  the  applicability  of  the 
analysis  to  situations  similar  to  the  ones  for  which 
agreement  lias  been  achioved,  making  extrapolation 
to  other  situations  uncertain.  An  analysis  must  rec¬ 
ognize  the  conditions  of  the  problem ;  if  the  conditions 
of  ultimate  failure  of  a  plastic  structure  are  desired, 
then  oven  a  very  good  elastic  analysis  is  of  limited 
usefulness  until  the  relation  between  the  results  of  the 
analysis  and  the  ultimate  plastic  state  of  the  structure 
is  known. 

Elastic  vecsos  Plastic  Design 
Almost  without  exception,  structures  and  structural 
elements  exhibit  both  clastic  and  plastic  behavior.' 
For  loads  below  a  certain  load,  removal  of  the  load 
allows  the  structure  to  return  to  its  orig'-'al  state; 


this  ia  the  definition  of  elasticity.  (The  relation  be¬ 
tween  load  and  deflection  is  usually  linear,  but  does 
not  need  to  be.)  For  loads  greater  than  the  elastic 
limit,  removal  of  the  load  does  not  result  in  the  struc¬ 
ture  returning  to  its  original  state.  The  shape  of  tha 
load-deflection  relation  ia  well  known;  an  example 
ia  the  » tress-strain  curve  for  structural  steeL  Nor¬ 
mally  ,  by  far  the  greatest  part  of  the  area  beneath  tha 
curve,  which  represents  work  done  on  the  structure,  ia 
under  the  plastic  portion;  for  mild  atecl  or  for  an 
underreinforced  concrete  beam  the  total  elastic  energy 
is  of  the  order  ot  1  per  cent  of  the  total  deformation 
energy. 

A  static  load  is  usually  a  specified  forct;  occasion¬ 
ally  it  may  be  a  specified  deflection.  A  static  load  will 
seldom,  if  ever,  be  specified  aa  a  given  amount  of 
energy.  A  dynamic  load,  on  the  other  hand,  usually  is 
spplied  either  through  impact  by  a  mass  hav'ng  a 
given  velocity,  or  as  a  force  having  a  given  variation 
with  time.  In  each  case  the  effect  ia  to  load  the  struc¬ 
ture  by  giving  it  a  definite  quantity  of  energy  (which 
may  depend  on  the  characteristics  of  the  structure). 
This  is  the  fundamental  difference  between  static  and 
dynamic  loads;  the  former  is  usually  a  definite  fores 
capable  of  doing  any  amount  of  work  within  limita, 
while  the  second  amounts  to  giving  the  structure  a 
definite  amount  of  energy  whose  amount  may  depend 
on  the  structure,  but  which,  once  given,  must  be 
handled  by  the  structure  to  tho  best  of  its  ability. 

Ordinary  engineering  design  nearly  always  is  based 
on  the  assumption  of  elastic  behavior  in  the  structure. 
There  are  several  reasons  for  this.  Tn  the  first  place 
the  loads  are  generally  static  and  the  difference  be¬ 
tween  the  elastic-limit  load  of  a  structure  and  the 
greatest  load  it  can  take  is  not  very  large;  the  ratio 
is  generally  of  the  order  of  1/2.  In  the  second  place, 
loada  on  ordinary  structures  may  be  removed  and 
applied  a  large  number  of  times.  Unless  stresses  are 
kept  well  below  the  elastic  limit,  repeated  loading  will 
cause  gradual  deterioration  and  eventual  failure. 
Finally,  large  deflections  cannot  be  tolerated  in  most 
structures  intended  for  everyday  use,  partly  because 
cracking  and  noticeable  sagging  aro  not  attractive. 

Structures  intended  for  protection  against  explo¬ 
sion  or  impact  have  been  analyzed  both  elastically  and 
plastically.  The  British  uecd  plastic  analysis  in  design¬ 
ing  certain  air-raid  shelters.  The  resistance  of  a  plate 
or  slab  to  a  projectile  is,  of  course,  based  on  its  plastic 
resistance,  not  its  clastic  etrength.  On  tho  other  band, 
calculations  based  on  clastic  theory  have  been  used  in 
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the  design  of  certain,  fortifications  for  the  Corps  of 
Engineers. 

A  structure  eon  be  designed  for  ultimate  conditions 
either  by  means  of  what  may  be  termed  a  plastic  an¬ 
alysis,  which  attempts  to  take  account  ol  the  actual 
mechanism  of  deformation  of  the  structure,  or  by 
what  may  be  called  an  elastic  analysis,  based  on  the 
usual  elastic  theory  of  structural  design,  but  in  which 
the  permissible  stresses  are  chosen,  on  the  basis  of 
experience,  to  yield  an  estimate  of  the  true  ultimate 
strength.  Each  method  has  certain  advantages  and 
disadvantages.  The  plastic  analysis  is  the  more  real* 
istic  and  rational.  In  situations  where  it  can  be  ap¬ 
plied  but  for  which  actual  empirical  information  is 
lacking  it  is  the  more  reliable.  Its  principal  disadvan¬ 
tages  are  that  it  is  entirely  unfamiliar  to  most  engi¬ 
neers,  that  at  present  it  has  been  applied  specifically 
only  to  certain  comparatively  simple  design  problems, 
and  thet  some  intuition  and  experience  are  needed 
by  anyone  applying  it.  The  elastic  method  of  analysis, 
although  not  especially  simple  in  application,  is  more 
familiar  to  engineers  than  is  the  plastic  method.  It 
can  also  bo  applied  to  practically  any  typo  of  structure. 
It  has  the  disadvantage  that  it  can  be  used  to  predict 
ultimate  conditions  only  by  the  uso  of  hypothetical 
allowable  stresses  of  +hc  order  of  ten  times  the  actual 
ultimate  strengths  of  materials.  Theso  hypothetical 
stresses  can  be  reliably  obtained  only  by  comparison  of 
elastic  analysis  with  experiment  Where  experiment  is 
lacking,  the  use  of  hypothetical  strce"cs  based  on  other 
structural  situations  is  risky. 

To  sum  up:  (1)  A  method  of  analysis  designed  to 
allow  prediction  of  ultimate  resistance  is  required  for 
many  problems  of  military  design.  (3)  By  the  use  of 
hypothetical  design  stresses  (well  above  the  actual  ul¬ 
timate  strengths),  the  ordinary  method  of  analysis, 
based  on  elastic  theory,  can  be  ured  for  this.  This  can 
be  applied  to  moro  situations  and  can  be  used  by  de¬ 
signers  of  less  experience  than  can  plastic  analysis. 
(3)  A  method  of  analysis,  based  ou  tho  actual  behavior 
of  structures  in  the  plastic  state,  has  been  developed. 
This  is  mere  rational  than  the  clastic  method  in  that  it 
docs  not  require  the  use  of  empirical  factors. 

ts-tl  Elastic  Response  of  Structure 
to  Impact  or  Impulse 

The  methods  of  determining  the  elastic  behavior1*'1* 
of  a  structure  under  dynamic  loading  are  based  on  the 
assumption  that  the  relation  between  force  and  de¬ 
flection  (or  stress  and  strain)  is  linear.  A  linear 
system  is  oue  for  which  force  and  deflection  are  pro¬ 


portional  and  for  which  removal  of  load  results  in  c 
return  to  the  original  state.  Such  &  system,  when  dis¬ 
turbed  dynamically,  tends  to  oscillate  in  its  to-called 
natural  modes  or  shapes  of  vibration.  The  natural 
modes  of  a  stretched  string  are  well  known  and  consist 
respectively  of  one  loop,  two  loops,  throe  loops,  etc, 
having  progressively  higher  frequencies.  When  this 
system  is  disturbed  and  allowed  to  oscillate,  all  or 
most  of  the  modes  are  excited  and  the  resulting  mo¬ 
tion,  although  very  complicated  in  appearance,  con- 
gists  only  of  combinations  of  these  modes  and  fre¬ 
quencies.  When  s  continuing  disturbance  it  given  to 
the  string  it  acts  in  s  definite  way  on  each  mode,  and 
the  response  of  the  whole  string  can  again  be  expressed 
as  the  sum  of  the  responses  of  all  its  modes.  Exactly 
similar  considerations  apply  to  any  linear  system. 
Such  a  system  has  natural  modes,  or  shapes  of  vibra¬ 
tion,  each  with  a  defini*e  frequency.  There  may  be  an 
infinite  number  of  modes  (characteristic  of  so-called 
continuous  systems  such  ns  the  stretched  string  or  a 
beam),  or  a  limited  number  of  modes,  as  in  the  case 
of  a  weightless  spring  supporting  a  soriea  of  woighta. 
In  general,  the  number  of  modes  is  equal  to  the  num¬ 
ber  of  quantities  fi ceded  to  describe  the  possible  con¬ 
figurations  of  the  system.  Thus  a  system  that  consists 
of  a  spring  supporting  two  masses  that  can  only  mova 
vertically  can  be  described  completely  by  giving  the 
vertical  position  of  each  mass,  and  has,  therefore, 
two  degrees  of  freedom  and  two  modes. 

The  general  problem  of  finding  the  clastic  response 
of  a  system  to  a  disturbance  first  requires  determining 
the  modes  and  frequencies  of  tho  system.  Frequently, 
only  the  modes  of  lowest  frequency  are  needed.  Next, 
tho  effect  of  the  disturbance  ou  each  mode  is  deter¬ 
mined,  and  finally  tho  total  effect  is  found  by  com¬ 
bining  the  various  mode  effects.  An  exact  mathe¬ 
matical  solution  is  always  possible  but  is  frequently 
very  difficult  and  tedious.  There  are  various  ways  of 
simplifying  the  work.  Ono  is  by  using  approximate 
shapes  for  the  modes  and  determining  from  these 
shapes  what  the  approximate  frequencies  are,  then 
using  theso  shapes  and  frequencies  exactly  as  though 
they  wero  the  actual  ones.  This  method,  known  as  the 
Itils-Ivayleigh  method,  is  a  very  useful  one.  It  is  neces¬ 
sary  that  the  chosen  mode  shapes  be  possible  ouea  and 
as  close  as  possible  to  the  real  ones,  and  that  important 
modes  are  not  loft  out.  Model  tests  facilitate  mode  and 
frequency  determination,  Tho  reader  who  desires  to 
apply  tho  elastic  method  is  referred  to  the  references 
listed  at  the  beginning  of  this  section. 
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11X11  Plastic  Response  of  S tractors 
to  Impact  or  Impulse 

An  analysis  of  the  plastic  behavior***1  of  a  structure 
is  concerned  vrith  predicting  the  effect  of  a  load  that 
is  sufficient  to  exceed  the  elastic  limit  of  the  material, 
usually  by  a  considerable  amount  There  are  vsrioua 
possible  approaches  to  this  problem.  One  is  based  on 
a  mathematically  exact  analysis  in  which  every  at* 
tempt  is  made  to  represent  the  physical  properties  of 
the  material  correctly,  either  by  equations  or  by 
graphs.  This  analysis  must  follow  the  structure 
through  all  phases  of  its  response,  and  usually  be¬ 
comes  extremely  complicated  as  a  result  This  method 
is  used  in  the  plastic  wave  propagation  studies  dis¬ 
cussed  in  Chapter  12.  This  approach  he*  certain  ad¬ 
vantages  in  that  strange  and  unexpected  phenomena 
may  be  revealed  by  it  that  would  not  normally  be 
discovered,  such  as  the  critical  velocity  of  impact  The 
disadvantage  is  that  the  amount  of  labor  involved  in 
application  is  considerable  and  only  very  much  ideal¬ 
ized  problems  can  usually  be  solved.  Furthermore,  in 
practical  cases  the  various  damaging  agents  involved 
and  the  characteristics  of  the  structure  are  not  usually 
known  with  any  exact-ess.  For  this  reason,  another 
approach  baa  been  found  to  be  more  satisfactory  in 
handling  most  practical  problems. 

An  approximate  method  has  been  used  for  dealing 
with  the  plastic  response  of  structures  to  impact  or 
imputse  that  generally  resembles  the  elastic  method 
outlined  above.  First,  the  nature  of  tho  response  of 
the  structure  is  guessed  at.  This  is  the  simplest  and 
also  the  most  critical  part  of  the  analysis.  For  com¬ 
plex  structures  it  may  be  necessary  to  complete  the 
analysis  using  several  alternatives  and  to  select  the 
best  one  finally.  The  next  step  it  cither  to  calculate 
the  amount  of  energy  given  to  the  structure  during  the 
impact  or  impulse  sud  to  use  this  to  determine  the 
final  condition  of  the  structure,  or  to  set  up  a  relation 
between  the  various  forces  known  to  be  acting,  the 
internal  Teaistanco  to  deformation,  and  the  inertial 
reactions  of  the  structure.  These  methods  are  shown 
in  Sections  15.5.1  and  15.5.2  respectively.  Although 
these  methods  are  faT  from  exact,  examination  of  Fig¬ 
ures  3  and  4  shows  that  in  these  cases  at  least,  reason¬ 
able  agreement  with  observation  was  obtained. 

n*  RECOMMENDATIONS  FOR 
FUTURE  WORK 

The  development  of  civilian  protection  can  be  put 
into  three  categories;  there  u  much  to  be  done  with 


respect  to  each.  Theee  are  (1)  acquiring  beak  informs 
tion,  (2)  applying  that  information  to  design  end  con¬ 
struction,  (3)  making  overall  plana  for  securing  pro¬ 
tection. 

1444  Fundamental  Research 

The  information  now  available  on  the  effects  of 
weapons  on  struct  arts  is  far  from  negligible  and  has 
mostly  been  acquired  during  World  War  IL  However, 
it  is  not  adequate,  and  will  certainly  be  made  lea  and 
leu  adequate  now  as  weapons  are  doveloped.  In  gen¬ 
eral,  the  researches  that  have  been  described  in  this 
chapter  should  be  extended  and  made  more  definite 
and  more  complete. 

Because  of  the  atomic  bomb  and  the  expected  devel¬ 
opment  of  weapons  of  higher  striking  velocity  and 
greater  accuracy,  protection  by  burial  will  probably 
become  increasingly  important  On  this  account  the 
effectiveness  of  explosions  at  great  depths  and  at  great 
distances  from  deeply  buried  structures  becomes  im¬ 
portant,  and  methods  of  securing  maximum  protec¬ 
tion  must  be  sought  Also,  the  eSecta  of  pressures  of 
long  duration  on  exposed  structures  must  be  deter¬ 
mined,  and  meant  of  minimising  these  effort*  die- 
covered. 

14X1  Applications  to  Structures 

Development  in  this  direction  has  boon  much  less 
than  that  on  basic  problems.  In  tits  case  of  ordinary 
structures  it  is  desirable  to  deterraino  what  changes 
in  existing  structures  and  what  changes  in  design  and 
construction  practice  will  most  increase  the  resistance 
against  air  blast  and  earth  shock.  An  examination  of 
structures  damagod  and  destroyed  in  England  and 
Germany  indicates  that  certain  kinds  of  structures 
are  peculiarly  susceptible  to  large-scale  collapse,  for 
example  the  thin,  concrete  barrel-arch  roof.  Multi¬ 
story  structures  with  load-bearing  brick  or  masonry 
walls  aro  more  vulnerable  to  internal  or  external  blast 
than  are  frame  buildings.  Light  beam  connections  may 
allow  collapse  that  would  have  been  prevented  by 
heavy  connections.  Such  considerations  as  there  indi¬ 
cate  that  without  great  cost  it  may  bs  possible  to  in¬ 
crease  the  blast  resistance  of  cities  by  significant 
amounts.  The  economic  advantages  or  disadvantages 
of  such  a  plan  should  be  investigated.  In  any  event, 
it  ie  very  desirable  that  the  relative  safety  of  struc¬ 
tures  be  determined  in  ordor  that  the  more  important 
facilities  may  not  be  left  in  the  more  da  .gcrous 
places. 
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is.u  Overall  Organization  of  Protection 

Since  most  parts  of  this  country  will  be  vulnerable 
to  attack  in  any  futuio  war  it  ia  of  very  great  im¬ 
portance  that  protection  for  possible  targets  be 
planned.  Since  such  protection  will  require  extensive 
planning  and  e  very  long  time  to  complete,  it  seems 
desirable  to  begin  the  task  Immediately.  Snch  a  plan 
will  involve  a  great  many  things  that  have  no  connec¬ 
tion  with  the  present  discussion.  However,  the  follow¬ 
ing  mnet  be  considered:  (1)  the  varioos  aspects  of 
protection  must  be  decided  on,  La.,  surface  shelters, 
buried  structures,  methods  of  strengthening  or  pro¬ 
tecting  existing  buildings,  changes  in  building  code* 
for  bettering  future  construction;  (2)  the  various 
standards  of  design  and  construction  needed  for  the 
items  enumerated  above,  i.e.,  methods  of  analysis,  de¬ 
sign  loads,  design  (tresses. 

U-S  APPENDIX 

iis.1  Plastic  Analysis  of  Reinforced 
Concrete  Beams  under  Impact. 


IP  =  weight  of  striking  body, 
r  =  total  weight  of  beam, 

H  —  central  force  to  overcome  plastic  resistance  of 
beam  (assumed  constant), 

7,  83  striking  velocity  of  weight, 

v,  **  common  Telocity  of  weight  and  beam  at  that 

r. 

9  =  velocity  of  beam  at  point  of  impact  at  any 
time, 

x  =  maximum  permanent  center  deflection, 

Et  =  \LW/gV\  —  (initial  energy  of  TP), 

E  =  total  impact  energy  available  for  banding 
beam  (the  difference  between  E%  and  B  ia 
used  up  in  producing  local  damage  at  the 
point  of  impact), 

P  =  average  force  due  to  pressure  on  piston  (testa 
of  Section  15.2.4), 

E%  =»  E  plus  work  done  by  P  during  deflection. 

During  the  first  stage  of  the  impact  the  impulse  act-  : 
ing  on  IP  must  equal  its  loss  of  momentum:  therefore, . 

fr  W 

]Fdt  =  j(Vt-Vt).  (7) 


Unitorm,  Simply  Supported  Beau  Stbcck  at 
Center  by  Weiout  IP 

Following  the  contact  of  the  weight  and  beam  the 
former  is  decelerated  and  the  latter  speeded  up  untit 
they  move  together.  Ordinarily,  thia  will  occur  very 
quickly,  in  a  timo  short  compared  to  the  total  time 
required  for  the  beam  to  come  to  rest  again.  Conse¬ 
quently,  the  reactions  of  the  supports  will  be  small 
compared  to  the  force  acting  between  the  beam  and 
weight.  The  shape  of  the  beam  is  assumed  to  bs  para¬ 
bolic  or  sinusoidal  throughout  ths  whole  process,  in¬ 
cluding  both  the  period  of  acceleration  under  impact 
and  the  subsequent  period  of  deceleration  due  to  ths 
plastic  resistance  of  the  beam  to  bonding. 

If  the  beam  deflects  sinusoidally  its  svei  age  deflec¬ 
tion  at  any  instant,  token  over  the  whole  span,  is  ap¬ 
proximately  %  its  maximum  deflection  at  the  instant. 
Similarly,  ite  average  velocity  and  avenge  accelera¬ 
tion  ere,  respectively,  ts  the  velocity  and  acceleration 
at  the  center.  Furthermore,  the  average  of  the  square 
of  the  velocity  over  the  whole  apau  is  Va  the  square  of 
the  center  velocity. 

The  following  symbols  are  defined : 

F  —  the  force  botween  beam  and  weight  at  any 
instant, 

t  —  time  (variable), 

T  —  duration  of  impact, 


The  work  done  by  F  on  the  beam  up  to  any  instant  i 
must  bs  approximately  equal  to  the  kinetic  energy  ac¬ 
quired  by  the  beam  at  that  time;  therefore, 
ft  ttfv* 

Jt**-3r  <«> 

This  expression  can  be  differentiated,  yielding  F  =* 
(u>/2 g)  ( dv/di )  which  is  substituted  in  equation  (7). 

Since  J  = 

...  .  7, 

this  give*  v,»  — - — .  (9) 

1+m 


Finally,  the  tots!  energy  given  to  the  system  consist¬ 
ing  of  the  beam  and  weight  is 


E  = 


E, 

h-A* 


(10) 


The  energy  given  by  equation  (10)  is  available  for 
bending  the  beam.  Although  the  shape  of  the  beam 
under  dynamic  bending  will  differ  somewhat  from  the 
static  shape  the  difference  can  bo  ignored  in  this  ap¬ 
proximate  analysis.  The  relation  between  force  and  de¬ 
flection  of  a  beam  can  be  determined  by  calculation 
with  sufficient  accuracy  for  present  purposes;  however, 
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there  ire  orally  available  multi  ot  loading  testa  «aat 
cover  the  plastic  range.  From  these  the  relation  be¬ 
tween  deflection  and  external  work  can  be  found. 

The  procedure  to  be  followed  is  then: 

L.  Calculate  J?#  the  striking  energy  of  W, 
fc.  Calculate  the  available  energy  from  equation 
(10), 

1  From  the  deflection-work  relation  obtained  stat¬ 
ically  and  the  amount  of  energy  available  deter¬ 
mine  the  permanent  center  deflection. 

A  similar  process  can  bt  followed  for  other  kinds  of 
impacts  or  for  impulses.  For  example,  if  the  falling 
weight  is  not  a  aingle  mast,  but  ia  distributed  uni¬ 
formly  along  the  length  of  the  beam  (falling  debria 
would  be  so  treated)  the  energy  available  ia 


E  = 


(ID 


From  a  concentrated  impulse  J ,  vf  very  short  dura¬ 
tion,  acting  at  the  center  of  span  the  available  energy 

ia 


From  a  uniformly  distributed  impulse  of  very  ahort 
duration,  the  available  energy  ia 


(13) 


Analysis  or  Impact  Tests  Disoumkd  in 
Section  15.2.5 

The  relation  between  work  and  deflection  in  the 
plastic  rango  for  a  reinforced  concrete*  beam  can  gen¬ 
erally  be  represented  quite  accurately  by  an  equation 
of  the  form 

*  =  j  (**-«),  (14) 

wh£re  R  is  a  constant  equal  to  the  overago  central 
force  required  to  cause  plastic  bending  of  the  beam. 
The  quantity  e  is  small,  and  corresponds  to  the  fact 
that  a  email  amount  of  energy  can  be  absorbed  elas¬ 
tically  by  the  beam  without  causing  any  permanent 
deflection.  is  the  total  energy  supplied,  normally 
equal  to  X. 

An  approximate  value  of  R  for  beams  that  are  not 
too  heavily  overreinforccd  and  of  normal  proportions 
can  be  obtained  in  the  following  way  if  tests  axe 
not  available. 

1.  For  a  aimplo  span  the  effective  bending  length 
L'  is  less  than  the  actual  span  L  by  approximately 
twice  the  depth  of  beam  d. 


S.  The  average  plastic  yielding  moment  ia  approxi¬ 
mately  %  X  *  X  A,  X  d,  when  *,  A,,  and  d  are  the 


average  plastic  strength  of  reinforcing,  the  total  area 
of  tensile  steel,  and  the  depth  of  beam  to  trails  steal, 
respecting.  Then, 


g 


8 oAtd 

r=xr 


<»> 


The  testa  described  in  Section  15.1.5  can  not  ho 
treated  directly  by  use  of  equation  ( 10)  because  of  the 
fact  that  during  the  entire  deflection  time  there  wae 
transmitted  to  the  beam  an  additional  force  due  to  the 
air  pressure  in  the  cylinder  acting  through  the  ham¬ 
mer.  If  E  ia  the  energy  available  at  the  instant  of  im-  . 
pact,  then  by  the  time  the  system  has  come  to  rest  an 
additional  amount  of  work  has  been  done  equal  to  the 
average  piston  forco  P  multiplied  by  x,  the  center  de¬ 
flection  of  the  beam.  Consequently,  the  energy  used  up 
by  the  beam  exceed!  the  initial  energy  supplied  by  IF 
by  tho  amount  Px.  This  leads  to  the  following  approri-  . 
mate  relation  between  Et,  the  energy  of  deformation, 
and  E,  the  energy  available  from  the  falling  weight: 

J?s  -  (16) 

l-j? 


Then,  for  tho  p.eseut  teats,  equation  (10)  ia  replaced 


This,  with  equation  (14),  permits  prediction  of  the 
permanent  deflection  produced  in  the  tests  under  dis¬ 
cussion. 

One  scries  of  these  tests  hi*  been  analysed.  The 
analysis  is  outlined  in  Table  2,  and  tho  results  of  tha 
analysis  showu  in  Figure  3,  which  allows  comparison 
between  observation  end  prediction.  The  results  ap¬ 
pear  to  be  adequate  for  engineering  purporea;  how¬ 
ever,  the  consistently  too-large  effective  energy  pre¬ 
dicted  for  the  heavy  hammer,  and  too -small  effective 
energy  for  the  light  hammer  indicate  that  the  analysts 
can  bo  improved.  The  difference  is  believed  partly 
due  to  the  fact  that  at  equal  effective  energies  the  light 
hammer  docs  more  local  damage  than  does  the  heavy 
hemmer,  on  account  of  the  higher  velocity  of  the 
former.  An  additional  reason  ia  that  the  deformed 
shape  of  the  beam  depends  somewhat  on  the  velocity 
of  impact ;  at  the  higher  striking  velocities  of  the  light 
hammer  the  proportion  of  tho  beam  participating  in 
tha  deflection  is  led,  hence  the  loss  of  energy  is  loss, 
than  for  the  heavy  hammer. 
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Flo  Din  3.  Relation  between  observed  and  predicted 
permanent  deflection  of  reioforoed  concrete  beams. 

See  Table  2. 

u’5-1  A  Theory  of  Damage  to  Buried 
Structures  fr  vm  Underground  Explosions 
Chauactkrxsticu  or  tub  Stkoctubb 
The  structure  is  Assumed  to  bo  a  buried  or  partly 
buried,  hollow,  reinforced-concrcte  box,  one  of  whose 
faces  is  exposed  to  a  nearby  underground  explosion. 
The  inside  plan  dimensions  of  the  box  are  L  X  D  ( L  it 


the  unsupported  length  of  the  front  wall),  while  B 
is  the  inside  height.  The  front-wall  thickness  is  a. 
that  of  each  side  wall  b,  and  of  the  rear  wall  c.  The 
ratio  of  the  :ro«a-sectional  area  of  the  reinforcing 
steel  stretched  during  deflection  of  a  wall  to  the  total 
corresponding  cross-sectional  area  or  that  wall  is  p, 
and  ia  not  necessarily  the  same  in  all  walls  or  in  the 
two  principal  directions  of  a  wall.  The  concrete  struc¬ 
ture  whose  behavior  will  be  analyzed  here  has  no  floor 
or  roof ;  the  same  method  can  be  applied  to  structures 
with  floor  and  roof.  The  average  yielding  atreda  of  the 
reinforcing  steel  in  the  plastic  range  is  <r  (inter¬ 
mediate  between  yield  and  ultimate  strengths). 

Symbols 

The  following  symbols  aro  defined: 

(>  and  pt  —  densities  of  earth  and  concrete  respec¬ 
tively,  or  weight  per  init  volume  divided 
by  the  acceleration  of  gravity  (unit:  lb 
sec*  per  in.4), 

P  =  pressuro  on  face  of  structure  at  any 
time  i, 

P ,  ~  peak  pressuro  (unit:  psi), 

I  =  impulso  per  unit  area  on  face  of  structure, 
t  —  time, 

L  ~  unsupported  length  of  front  target  wall 
(unit:  in.), 

U  =  effective  length  of  front  target  wall  for 
bending  resistance  (£>'  is  leas  than  L  by 
an  amount  depending  on  thn  wall  thick- 


Tajilx  2.  Analysis  of  impact  testa  of  reinforced  concrete  boama.*,* 


IF 

Weight  of 
hammer 

(lb) 


Striking  energy 
of  hammer 
(in.-lb) 


Bt 

Total  energy 
available  fo  • 
bending  beam 
(in.-lb) 


s 

Obs-rrnd 

permanent 

deflection 

Cm.) 


*  Di !*  fhDrn  Tab.o  6  of  R«ftr«nc«  11 

«  Bttmt  4«**-li,.  oa  73-iu.  tptn.  Ttt.Ut  ttlaJorrlrv*  U  2Wa.  round  but  st  dtplb  of  3H  In.  (Fl*urs  »). 
'  irld  point  tod  dltlm.lttlttnttb  ct  «ts»l  ui  51,000  tod  7Y.0C0  ptk 
R  (t-tullo  rttitWcct  c(  br^.'n)  -  3,050  lb  from  tittle  tttlt  or  3,000  lb  from  wjuttlon  (14). 

I  AlWr  lopKt,  tit  prttturt  It  tpprotimt'.rly  04  per  otnt  of  laliUl  prttturt  tnd  t«U  oa  am  of  3.31  la.1 
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ness,  here  the  difference  ia  taken  u  (%)  a,  < 
where  a  is  front-wall  thickness),  < 

M  **  plastic  bending  moment  of  a  strip  of  ' 
front  face  of  unit  width,  approximately 
equal  to  %  vpo*  (unit:  in.-lb  per  in.), 
if  »  plastic  bending  moment  of  a  strip  of  rar  , 
wall  of  unit  width, 

S  =*  reaction  on  each  side  wall  from  a  strip 
of  front  wall  of  unit  width,  during  defor¬ 
mation  (unit:  lb  per  in.), 

=  reaction  ou  each  side  wall  from  a  strip 
of  rear  wall  of  unit  width,  during  de¬ 
formation, 

«w  **  mass  of  unit  area  of  front  wall  =>  ap,, 
Mt  —  mass,  per  unit  area  of  front  face,  of  the 
remainder  of  the  atructure, 
m{  =  mass,  per  unit  area  of  front  face,  of  the 
remainder  of  the  structure  with  the  ex¬ 
ception  of  the  rear  face, 
x  —  center  deflection  of  the  front  wall  at  any 
time  t  (unit:  in.), 

—  permanent  center  deflection  of  front  wall, 
y  “  displacement  of  remainder  of  structure 
at  any  time  i  (unit:  in.), 
s  =  distance  along  a  front-face  atrip  mea¬ 
sured  from  a  side  wall  (unit:  Lu), 

0  =  sum  of  crack  widtlia  in  convex  side  of 
deformed  wall  (unit:  in.), 

It  —  soil  constant,  defined  in  Chapter  3  (unit: 
psi), 

IF  =  weight  of  charge  (unit:  lb), 
r  =  distance  of  charge  from  front  face  (unit: 
ft), 

A  =  r/lF». 

A  consistent  system  of  units  roust  be  used.  Here,  all 
quantities  will  be  ir.  pounds,  seconds,  inches,  except 
r,  distance  from  charge  to  target,  which  must  be  in 
feet  in  order  to  fit  the  empirical  equations  for  de¬ 
pendence  of  pressure  and  impulse  on  charge  distance 
that  are  diacimeu  in  Chapter  3  and  will  be  used. 

The  Explosion 

A  charge  weighing  IF  lb  explodes  at  a  distance  r  ft 
from  the  front  face  o!  the  target  and  at  about  the 
depth  of  the  center  of  the  face.  Tho  pressure  acting  on 
tho  front  face  is  assumed  to  decrease  linearly  with 
time  from  its  initial  peak  value,  ao  that 


explosives  equivalent  to  TNT,  P,  and  Z  aft  the  center 
of  the  target  face  are  given  by  the  expressions  below, 
which  are  discussed  more  fully  in  Chapter  8, 

r.-j-r.  o»> 


p«)=r.  (/-&), 


for  t  leaa  then  27/P#,  while  P  ia  zero  thereafter.  For 


2M«F* 

/-HP* -  <90> 

For  near  explosions  P,  and  I  over  the  greatest  part 
of  the  front  face  will  be  leaa  than  at  the  centar  cf  the 
face.  Consequently,  in  using  equations  (19)  and.  (20) 
for  calculating  damago,  a  25  per  cent  reduction  will 
be  made  to  allow  for  this.  This  reduction  will  be  too 
great  for  distant  charges  and  probably  too  small  for 
near  charges. 

Physical  Behavioe  or  Sthdctue* 

The  pressure  acting  on  the  front  wall  of  the  atruc¬ 
ture  deforms  it  plastically,  and  is  in  equilibrium  with 
its  inertial  resistance,  its  plastic  resistance,  and  the 
reaction  of  the  remaind  r  of  the  structure.  In  other 
words,  the  work  done  to  tho  front  face  of  >ho  structure 
by  the  pressure  must  be  equal  to  the  kinetio  energy 
given  the  wall,  plus  the  energy  absorbed  in  plastic 
bending,  plus  the  work  done  by  the  wall  in  moving 
the  rest  of  the  structure.  Similarly,  the  reaction  of  the 
front  wall  on  the  rest  of  the  atructure  plua  the  pres¬ 
sure  applied  directly  to  the  rest  of  the  structure  are 
in  equilibrium  with  tho  inertial  and  other  forces  op¬ 
posing  the  motion  of  the  rest  of  the  atructure.  There 
are  two  possibilities  here;  either  the  entire  remainder 
of  the  structure  moves  as  a  solid,  pushing  back  the 
earth  behind  it,  or  the  rear  face  is  deformed  plastically 
by  the  pressure  of  the  earth  behind  it,  against  which 
it  ia  pushed.  Normally,  both  possibilities  must  be  con¬ 
sidered.  Tho  one  most  likely  to  occur  is  that  which 
causes  less  damage  to  the  front  wall. 

Case  1 — No  Rear  1  Vdl  Damage,  Consider  a  strip  of 
the  front  wall  of  unit  width,  and  extending  from  one 
side  wall  to  the  other.  Under  the  impulsive  pressure 
this  strip  will  bend,  assuming  an  approximately  sinu¬ 
soidal  shape;  in  addition,  the  aide  walls  to  which  the 
strip  is  attached  wilt  move  in  the  direction  of  the  pres¬ 
sure.  y  -f-  *  sin  rs/l  is  the  displacement  of  any  point 
3  of  this  strip.  Its  velocity  and  acceleration  are, 
respectively,  dy/dt  -f  dx/dt  sin  rt/L  and  d’y/dt*  -f- 
<Px/dl 1  ain  rt/L, 

During  an  infinitesimal  interval  of  time  dt,  the 
external  pressure  acting  on  the  entire  strip  doea  aa 
amount  of  work,  • 
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Darin;  tn  infinitesimal  interval  of  time  it,  the 
energy  expended  in  bending  the  atrip  plastically  is 
equal  to  the  plastic  bending  moment  multiplied  by  the 
total  change  of  curvature  (provided  there  is  no  re¬ 
versal  of  curvature). 


d  w*  f*" .  wi 

su,p  l ,m  r 


=  5 it. 


The  total  kinetic  energy  of  the  atrip  at  t  is 

and  the  increase  in  this  quantity  during  an  interval 
at  is 

+HI  %  +  %)}>■  <“> 

The  sum  of  the  two  end  reactions  of  the  strip  is 
2R  =  PL-mj'  +  ^ein£)di 

~L  (P—  m  ^  (24) 


per  unit  area  cf  the  walL  The  first  term  on  the  right 
is  the  pressure,  or  applied  force  per  unit  area.  The 
second  term  is  the  average  force  per  unit  area  required 
to  overcome  the  plastic  bending  resistance  of  the  atrip, 
and  corresponds  to  the  force  that  is  transmitted  to 
the  remainder  of  the  structure  by  the  ends  cf  the 
strip. 

The  plastic-bending  resistance  of  a  beam  is  some¬ 
what  greater  than  is  calculated  on  the  basis  of  the 
actual  span.  For  example,  in  Section  15.5.1  tho  effec¬ 
tive  span  was  taken  as  the  actual  span  leas  twice  the 
thickness.  In  the  present  case  the  thickness  is  rather 
large  compared  to  the  span,  and  the  effective  span 
will  be  assumed  to  be  lcaa  than  the  actual  span  by 
%  the  thickness.  Hence,  in  equation  (26)  L  will  be 
replaced  by  V,  assumed  equal  to  L  —  %  a,  and 


If  the  back  wall  of  the  etructure  is  not  deformed 
the  resistance  of  the  earth  bellied  it  must  be  consid¬ 
ered.  This  consists  of  two  parts,  a  passive  pressure, 
end  an  apparent  mass  that  can  simply  bo  addsd  tc 
tho  mass  of  the  structure.  The  first  is  taken  ss  the 
arerago  hydrostatic  force  due  to  a  fluid  of  density  50 
per  cent  greater  than  that  of  earth.  The  apparent  moss 
io  taken  ts  a  ma as  of  earth  in  contact  with  the  rear 
wall  and  of  depth  (perpendicular  to  the  wall)  14  it* 
height.  Neither  contribution  ia  large  in  the  case  of 
the  structures  considered.  Then  tho  equation  of  motion 
of  the  rear  portion  of  the  structure  ia 

8ft  +  26P  =  -pi?  (L  -I-  26)  +  mxL  •  (27) 
From  equations  (24),  (26'),  and  27),  one  obtains 


In  &n  interval  of  time  it,  thcao  reactions  do  work  on 
tho  rest  of  the  structure  equal  to  2ft  multiplied  by  the 
distance  moved  in  that  time, 

<«> 

Equating  the  work  dono  on  tho  front  wall  to  the 
sum  of  the  plastic  work,  the  increase  in  kinetic  energy, 
and  the  work  done  cn  the  rest  of  the  structure,  yields 


«"  ^t=AP-B, 


(  _»\ 

-  1276  \"»  L) 


£+0.19 


A  /«na  f* «  n  wn  t  4 


The  left  aide  of  equation  (26),  tho  equation  of  mo* 
tion  of  the  front  wall,  is  the  average  inertial  force 


Equation  (18)  can  be  combined  with  equation  (28) 
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and  integrated  to  git* 


~  =  AP% — B— 


»  ^  »  (APt-B)t- 


U  ' 
IPjt* 
At  ' 


«x*»  (APt — B)^ — 4^"*  <”> 

A  maximum  in  *  occur*  when 

*-‘4SSrlfl- 

which  ia  norr-elly  later  than  the  time  t  =  2//P* 
at  which  P  becomes  xero,  and  the  equation  (18)  cease* 
to  hold  In  this  case  it  it  necessary  to  solve  equation 
(28)  with  P  equal  to  xero,  making  this  solution  con¬ 
tinuous  with  equations  (31)  and  (32)  at  the  time 
(  sk  2 l/P*.  When  this  is  done  the  maximum  value 
of  x  it  given  by 

*-«(*-!&)•  «»> 

Cati  & — Rear  Wall  yields  Plastically.  The  equation 
of  motion  of  the  front  wall  it  the  tamo  as  before, 
namely, 

/rf*,  td**\  v*.V  /M>. 

m  \dt*  4  dl* y  ^  X?*  (26) 

Tha  two  tide  walla  are  assumed  to  be  displaced  an 
amount  y  against  the  rcustance  due  to  the  bending 
of  the  rear  walL  Their  equation  of  motion  ia 

2fi  +  26P=*  (*4) 

From  equationa  (24),  (26*),  and  (34)  one  obtains 

by  the  same  proem  as  before 


A'*/’ 

AB*  \ 

(35) 

2Jfta 

(l~ 

1.275 1 

f  m\ 

■f) 

W 

** 

11 

L ) 

- 1 

(36) 

< 

m 

+  0.19 

0.C36  F  18.T8  m  (l  +  ~  )  —  y1 1 

*m — - — —r*-l-LX  (37) 

—1  +  0.19 
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Fboxt-Faox  Crack  Width 
When  a  slab  ii  bent  there  is  a  surface  within  it  that 
does  not  itrotch,  called  the  neutral  surface.  This  it 


does  to  the  concave  tide  of  the  slab.  Since  concrete 
ia  brittle*  bending  censes  cracks  to  open  on  the  convex 
side  of  a  slab.  At  any  spot  the  average  total  crack 
width  per  unit  length  of  elab  surface  will  be  approxi¬ 
mately  equal  to  the  distance  from  the  neutral  surface, 
which  is  about  %  the  elab  thieknoea,  multiplied  by 
the  curvature  of  the  slab  in  the  direction  in  which 
the  crack  width  is  measured.  If  xm  ia  the  center  de¬ 
flection,  L  the  length  of  span,  3a/4  the  depth  of  the 
neutral  surface,  and  C  the  total  amount  of  stretch 
or  the  crack  width  in  the  distance  Lt  then 


Ilt.ubt&atioh 

Consider  the  buried  concrete  structures  whose  tests 
are  reported  in  Chapter  3,  and  the  results  shown  in 
Figures  13  and  14  of  that  chopter.  Thcso  structures 
are  at  scales  varying  up  to  25x25  ft  in  outside  plan 
dimensions  and  17.5  ft  high.  The  front,  side,  and 
rear  walls  are  respectively  5,  2.1,  and  3.33  ft  thick. 
The  value  of  p  (proportional  eteel  area)  is  ap¬ 
proximately  0.0014  for  each  wall.  These  structures 
were  damaged  by  1,000-lb  TNT  charges  at  various 
distances  in  earth.  The  valu-i  of  k  (soil  conetant) 
for  the  area  in  which  these  tests  were  made  is  5,000 
psi.  Than, 

W*  =»  10, 

a,  6,  and  c  are  respectively  eo,  26,  and  40  in., 

L  —  250 in.  and!/  —  205  in., 

m  -  R0j»„ 

m,  =  140  p ,  anci  mjn%  =  2.33, 

m{  =  CO  P,  and  w'/m  =»  1.0, 

2 h/L  =*  0.2, 

it  «  (%)  opa'  -  270,000,  if  a  «  70,0  pd, 
U/U'  =  6.4  pal, 

RJL  —  3  c  pc'/L’1  =  10.6  psi  (this  is  found, 
from  the  plastic  bending  moment  in  tho 
back  wall,  which  is  approximately  (%) 
erpe*,  i.nd  the  relation  between  the 
maximum  bending  moment  end  the  uni¬ 
form  load  SRi/L  per  unit  length,  on  a 
beam  of  effective  span  V  \  thus 
(: 1HJL )  (X/ ’/8)  equals  (y*)  (wpc*), 
pgh  -•  11.8  psi, 

,  1.275X2.13 

■*  -  -  m — 1C8- 

B  _  0.630(10.78X0.4X3.33  —  11.8X1.8) 
2.52 


=  100  psi, 
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Chapter  16 

TARGET  ANALYSIS  AND  WEAPON  SFXECTION 


Modux  wiuiix  u  a  special!  iad  branch  at  ongi- 
noering,  and  the  proper  prosecution  of  a  war 
require*  that  available  weapons  be  used  at  the  highest 
efficiency  possible  under  the  prevailing  operating  con* 
ditiona.  The  objective  of  the  attacker  is  to  inflict  the 
maximum  of  damage  with  a  given  expenditure  of 
effort  His  tools  arc  tho  various  weapons  developed 
by  his  technicians  and  supplied  by  his  industry.  It  & 
desirable  (1)  to  have  efficient  weapons,  (8)  to  have  a 
sufficient  but  not  excessive  selection  of  weapons,  (3) 
to  use  weapons  as  effectively  as  possible,  and  (4)  to 
know  the  effectiveness  of  the  weapons  used.* 

INTRODUCTION 

In  order  to  make  intelligent  weapon  selections  one 
must  know  the  characteristics  of  the  weapons  and 
understand  the  mechanisms  by  which  they  inflict 
damage  on  a  target  In  this  chapter,  first  the  charac¬ 
teristics  of  the  most  common  weapons  ara  briefly  do* 
scribed,  then  each  of  the  usual  mechanisms  of  damage 
is  discussed  from  the  point  of  view  of  efficiency  of  the 
weapon.  In  Section  16.9  thio  information  on  weapons 
and  mechanisms  of  damage  is  used  to  make  detailed 
analysis  of  and  weapon  selection  for  several  typical 
target  types,  and  this  section  serves  to  illustrate  the 
application  of  the  principles  described  in  the  earlier 
sections  of  this  chapter.  The  chapter  is  concluded  by 
•  fow  suggestions  for  further  work  on  the  effects  of 
weapons  on  targets. 

The  most  widely  used  report  of  Division  8  is  the 
loosele&f  notebook  W cup-on  Data  —  Firt,  Impact,  Ex¬ 
piation.  This  notebook  consists  cf  Weapon  Data  Sheets 
containing  quantitative  information  on  the  character¬ 
istics  of  weapons,  the  mechanisms  by  which  they  set 
on  targets,  and  the  selection  of  weapons  for  attack  of 
certain  target  types.  The  final  edition  of  this  notebook, 
published  ss  OSRD  Report  No.  6053,  is  reproduced 
as  part  of  Chapter  19.  Frequent  references  to  individ¬ 
ual  Weapon  Data  Sheets  arc  mado  throughout  this 
chapter,  and  the  sheets  should  be  used  as  supplements 
to  the  material  presented  here, 

A  thorough  understanding  of  the  behavior  of  weap¬ 
ons  requires  knowledge  cf  the  fundamental  phenomena 

»  Pertinent  to  Joint  Army-Navy  Project*  AN-23,  AN-28, 
AN-29  and  to  Navy  Project  NO-267. 


of  explosions  and  terminal  ballistics  as  described  fas 
earlier  chapters  of  this  volume.  References  to  perti¬ 
nent  sections  of  these  chapter*  will  be  made,  and  al¬ 
though  the  present  chapter  can  be  studied  independ¬ 
ently,  it  is  suggested  that  the  reader  make  himself 
familiar  with  the  more  important  points  of  the  earlier 
chapters. 

M4  EFFECTIVENESS  OF  WEAPONS 

During  World  War  II  considerable  attention  was 
given  to  the  effectiveness  and  the  proper  use  of 
weapons.  This  study  was  started  by  the  British,  with 
interest  originally  on  defense  in  various  civil  and  mil¬ 
itary  establishments,  an<*  was  eventually  concerned 
with  air,  land,  and  sea  warfare.  Before  the  entrance  of 
the  United  Statea  into  World  War  II,  studies,  like¬ 
wise  for  defense,  were  initiated  at  Prineoton  at  the 
request  of  the  Amy  Corps  of  Engineers.  Aa  World 
War  II  progressed,  there  wa*  a  continued  change  of 
interest  and  eventually,  the  work  at  Princeton  under 
Diviiion  2  waa  primarily  concerned  with  aerial  attack. 
However,  other  method*  of  attack  are  discussed  in  this 
chapter.  The  following  aspects  of  this  work  were  most 
important:  (1)  the  continued  acquisition  and  corre¬ 
lation  of  *  .ormation  on  the  effectiveness  of  aerial 
weapons  *<iscd  on  the  experience  of  the  British  under 
German  attacks,  the  results  of  teats  of  weapons  in 
Britain  and  in  the  United  Statea,  and  the  examination 
and  (tudy  of  the  effects  of  Allied  bombing ;  (8)  the 
preparation  and  distribution  of  data  sheet*  on  tho 
characteristics  and  performance  of  various  weapons 
(see  Chapter  19)  ;  (3)  the  training  of  operations  ana- 
lysta  in  methods  of  target  analysis  and  weapon  selec¬ 
tion  (ere  Chapter  18)  ;  and  (4)  collaboration  with  tha 
Joint  Target  Group  (AC/AS  Intelligence)  in  pre¬ 
paring  recommendations  for  the  aerial  war  in  tha 
Pacific,  and  with  the  United  States  Strategic  Bomb¬ 
ing  Survey  in  drawing  conclusions  flora  the  European 
theater. 

l  Methods  of  Studying  Effectiveness 
of  Weapon* 

To  um  his  weapons  efficiently,  the  attacker  must 
know  the  effectiveness  of  the  weapons  against  various 
types  of  targets.  Two  methods  have  been  used  to  study 
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the  «Secti7eiMaa  of  weapons:  (1)  synthesis  of  the  ef¬ 
fects  of  tiie  weapons  on  separate  components  of  struc¬ 
tures,  as  determined  by  special  teats,  into  a  composite 
picture  of  the  expectid  damage  to  the  complete  struc¬ 
ture,  and  (2)  study  of  damage  caused  in  actual 
attacks.  The  first  nethod  has  the  advantage  of  appli¬ 
cability  to  a  wid#  variety  of  targets,  and  the  disad¬ 
vantage  of  such  complexity  for  most  structures  that 
it  is  difficult  to  use.  The  second  method  has  the  ad¬ 
vantage  of  giving  direct  information,  and  the  disad¬ 
vantages  of  difficulty  in  determining  the  cvtent  of. the  , 
damage  to  enemy  targets,  and  uncertainties  in  using 
the  results  to  predict  damage  to  a  different  type  of 
target  A  combination  of  the  two  methods,  using  one 
to  supplement  the  other,  has  been  found  to  be  moat 
effective. 

Stxtiies's  or  Effects  ok  Sthuctoiul  Components 
Model-  and  full-scale  tests  have  been  mads  to  de¬ 
termine  the  effects  of  explosion,  fragments,  fire,  and 
other  mechanisms  of  damage  on  various  components 
of  structures  such  as  columns,  beams,  roofing,  floor 
slabs,  and  wall  panels.  The  results  of  such  tests  can, 
in  principle,  be  used  to  predict  the  effect  of  any 
weapon  on  a  structure  having  components  of  known 
characteristics.  This  type  of  engineering  analysis  has 
been  attempted  for  industrial  buildings,  but,  except 
for  special  cases,  the  complexity  of  the  targets  and 
the  interrelations  of  the  various  types  of  damage  have 
made  the  problem  too  difficult  for  ready  solution. 

Damage  involving  only  one  simple  component  of 
a  target,  such  aa  the  perforation  of  armor  plate  or 
concrete  slabs,  or  tho  cratering  of  open  ground,  can 
be  studied  by  direct  and  simplo  experiment,  and  the 
results  can  be  applied  to  predicting  damage  to  actual 
targets. 

Study  of  Dauaok  in  Actual  Attacks 
Many  studies  have  bccu  mado  of  the  damage  suf¬ 
fered  by  targets  under  attack  by  various  weapons. 
Bombing  attacks  liavo  been  mado  on  enemy  installa¬ 
tions,  and  by  study  of  aerial  photographs  taken  bo- 
fore  and  after  the  raid  skilled  photointerpreters  can 
make  very  good  estimates  of  the  damage.  Tho  methods 
used  in  photointerpretation  studies  must  be  checked 
by  intelligence  reports  on  enemy-held  targets  and  by 
detailed  study  when  such  targets  fall  into  our  hands. 
Ground  aurveys  of  tho  damage  received  by  enemy  fac- 
torics,  cities,  and  military  installations  have  been 
made  after  these  targets  wero  in  the  bands  of  our 
own  forces.  This  method  of  evaluating  the  effective¬ 
ness  of  weapons  has  a  weakness  in  that  the  targets 


have  usually  been  attacked  by  several  weapons  and 
it  it  frequently  extremely  difficult  to  attribute  damage 
to  a  specific  weapon. 

Studies  have  been  made  by  constructing  models 
or  copies  of  enemy  installations  and  attacking  these 
with  the  weapons  to  be  evaluated.  This  method  yields 
very  useful  information  tor  attacking  specific  target 
typea. 

Studies  of  British  buildings  damaged  by  German 
air  raids  have  been  mado,  and  where  tho  sixe  and  type 
jtt  weapon  can  bo  determined  these  yield  useful  in¬ 
formation.  One  important  function  of  these  damage 
studies  has  been  to  check  tha  methods  used  in  photo- 
interpretation  by  estimating  the  damage  to  the  same 
structure  by  both  ground  and  aerial  survey*. 

Controlled  Experimental  Attacks,  A  direct  compar¬ 
ison  of  the  effectiveness  of  different  bomba  can  be 
made  by  selecting  several  enemy  targets  as  nearly  alike 
as  possible  and  attacking  each  target  with  one  of  the 
weapons  to  be  evaluated.  By  a  study  of  aerial  photo¬ 
graphs  taken  before  and  after  each  attack,  the  relative 
effectiveness  of  the  weapons  can  bo  determined.  Thi* 
method  of  studying  the  effectiveness  of  weapons  baa 
the  advantage  of  damaging  enemy  targets  and  avoid* 
tho  necessity  of  constructing  prototypes.  It  has  the 
disadvantage  of  relying  entirely  upon  plmtointerpre- 
tation  for  the  evaluation  of  damage. 

Combination  or  the  Two  Mntuods 

As  stated  above,  the  Lest  method  of  studying  the 
effectiveness  of  weapons  is  a  combination  of  methods 
(1)  and  (2).  Knowledge  of  tho  performance  of  ex¬ 
plosives,  the  distribution  of  fragments,  the  ability  of 
a  missile  to  perforata  a  targot,  and  other  action  of 
weapons  on  targets  can  bo  used  to  interpret  the  dam- 
ago  observed  in  terms  of  the  characteristics  of  the 
weapon.  Sufficient  information  on  tho  fundamentals 
of  weapon  performance  and  the  various  mechanisms 
of  daroago  possible  with  each  weapon  will  enable  one 
to  correlate  the  observed  damage  from  a  numbar  of 
different  attacks  and  to  draw  general  conclusions  that 
may  be  used  in  planning  future  ottacks  to  utilise 
tho  capabilities  of  the  wcapona  in  the  most  effective 
manner. 

ISA  TYPES  OF  WEATONS  — T3EIR 
CHARACTERISTICS 

In  order  to  evaluate  the  performance  of  weapons, 
the  characteristics  of  the  weapons  must  be  known. 
Weapons  may  be  used  for  exploaivo  effect,  for  perfo’ra- 
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tioc  or  penetration  (sometime*  followed  by  explo¬ 
sion),  for  fragmentation,  fire  starting,  or  other  effects. 
Airborne  weapons,  artillery  aod  naval  guns,  and 
special-explosive  weapons  will  be  described  separately. 

14X1  Airborne  ’Weapons 

Hioa-Kmnervx  Bow  as 

High-exp!oeive  [HE]  bombs  (see  Weapon  Data 
Sheet  I A  3a*  of  Chapter  19)  arc  of  several  types,  the 
main  difference  being  in  the  strength  of  the  case. 
Bomb  cases  must  be  able  to  withstand  the  impacts  to 
which  they  are  subjected,  for  if  a  bomb  case  ia  rup¬ 
tured  bcfc  "d  the  explosive  detonates  a  low-order  ex¬ 
plosion  is  likely  to  result.  Low-order  explosions  aro  a 
relatively  slow  burning  of  tho  explosive  and  have  very 
little  effect  compared  to  that  of  a  proper  high-order 
explosion. 

Bombs  that  are  to  be  used  for  penetration  of  resist¬ 
ant  targets  must  have  strong  bodies,  and  the  thick¬ 
ness  of  the  case  required  for  this  strength  leaves  room 
for  only  a  small  quantity  of  explosive.  Bombs  that 
explode  on  contact  or  in  the  air  need  a  body  ouly  for 
handling  and  so  may  have  very  thin  cases,  leaving 
room  for  a  large  quantity  of  explosive.  These  extremes 
and  intermediate  types  of  bombs  may  be  described 
by  the  charge-weight  ratio,  which  is  the  weight  of  the 
explosive  charge  divided  by  tiro  total  weight  of  the 
filled  bomb. 

Light-Cased  [LC]  Bomba.  Light-cased  bombs  have 
a  thin  case  and  a  charge  weight  ratio  of  about  80  per 
cent.  The  thin  case  cannot  withstand  sevore  impact 
and  the  bomba  must  be  fuzed  to  explode  instantane¬ 
ously  on  contact  with  a  light  surface  or  to  explode  in 
the  air  above  s  target.  Aa  shown  below  in  Section 
16.5.1,  bombs  that  damage  a  target  by  exterior  blast 
are  more  efficient  iu  large  sizes  than  iu  small  sizes; 
consequently,  LC  bombs  arc  made  ouly  in  large  sizes. 
They  should  be  used  wherever  maximum  explosive 
effect  is  desired  and  penetration  is  not  necessary. 

General  -  Purpose  [GP]  Bomba,  General  *  purpose 
bombs  have  coses  somewhat  thicker  than  those  of  LO 
bombs  and  a  charge-weight  ratio  of  about  60  per  cont, 
Tho  case  is  strong  enough  to  withstand  impact  on 
most  industrial  construction  end  the  bombs  can  pene¬ 
trate  into  soil  without  deformation  or  rupture  of  the 
body;  however,  GP  bomb  cases  will  break  up  if  tho 
bombs  are  dropped  ou  heavy  concrete  slabs  (see  Weap¬ 
on  Data  Sheet  2C1»  in  Chapter  19).  General-purpose 
bombs  are  available  in  a  wide  range  of  sizes.  Since 
they  can  withstand  impacts  they  can  be  used  with 
delay  fuzing. 


Semiarmor- Piercing  [SAP]  Bombs,  Semi  armor- 
piercing  bomba  Have  heavy  casea  and  a  charge  weight 
ratio  if  about  30  per  cent  The  cases  have  sufficient 
strength  to  perforate  medium  armor  or  reinforced 
concrete  without  deformation.  These  bombs  can  be 
used  with  delay  fuzing  for  attacks  on  targets  protected 
by  medium  armor  or  .ein  forced  concrete 

Armor  -  Piercing  [AP]  Bomba,  Amor- piercing 
bombs  have  very  heavy  caaes  and  contain  only  a 
small  quantity  cf  explosive.  The  charge-weight  ratio 
is  usually  10  to  15  per  cent.  These  bombs  are  designed 
to  perforate  heavy  armor  plate  withoat  deformation 
or  rupture  of  the  case,  and  should  be  used  with  delay 
fuzing  for  attacks  on  targets  protected  by  heavy  armor. 
INCEWDIABT  BOXRS 

Incendiary  bombs  (see  Weapon  Data  Sheets  lA3b, 
lA3c  of  Chapter  19)  are  of  two  types:  the  intensive 
typB  and  the  scatter  type.  Bomba  of  the  intensive  type 
burn  as  a  unit  and  confine  their  intense  heat  to  a 
relatively  small  area.  They  are  usually  small  (2  to  10 
lb)  and  ars  dropped  in  clusters.  Bombs  of  the  scatter 
type  are  somowhat  larger  than  those  of  the  intensive 
type  and  are  usually  dropped  singly.  These  bombs 
explode  on  impact  and  throw  chunks  of  gasoline  gel 
or  other  sticky  highly  inflammable  material  in  all 
directions.  The  purpose  of  iucendiary  bombs  is  to  rtart 
fires,  and  the  choice  of  ono  or  the  other  type  depends 
on  whether  chunks  of  burning  gasoline  gel  scattered 
over  a  small  ores  or  a  number  of  smaller  bombs  scat¬ 
tered  over  a  wider  area  will  be  more  effective. 

Incendiary  Bomb  Cluatera.  The  email  intensive- 
type  incendiary  bombs  are  packed  in  clusters  that  may 
bo  loaded  on  aircraft  like  the  larger  bombs.  These 
clusters  may  be  quick-oponing  or  aimable:  the  quick- 
opening  clusters  open  a  short  distance  below  the'air- 
creJt  and  the  small  bombs  are  scattered  over  a  wide 
area,  while  the  aimable  clusters  aro  dropped  from  high 
altitudes  and  open  at  an  altitude  of  about  6,900  ft, 
scattering  the  bombs  over  a  relatively  smaller  area. 
Specul-Pcetosb  Bombs 

In  addition  to  the  HE  and  incendiary  bombs  do- 
scribed  above,  there  are  several  types  of  bombs  de¬ 
signed  for  special  purport  (sea  Weapon  Data  Sheet* 
lA3a*,  lA3d  of  Cbaptor  19).  Some  of  these  aro  the 
fragmentation  bombs,  depth  charges,  and  aerial  tor¬ 
pedoes  described  below.  Other  special-purpose  bombs 
such  ss  chemical  bombs  and  pyrotechnics  are  not 
discussed  here  since  they  aro  not  used  to  crcato  physi¬ 
cal  damage. 

Fragmentation  Bombs,  Fragmentation  bombs  have 
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a  fairly  thick  tt«el  cam  that  ia  broken  op  into  email 
piece*,  or  fragment!,  by  detonation  of  the  explode* 
filling.  The  bodiea  of  moet  type*  of  fragmentation 
bomba  are  made  of  a  he’lx  of  ateel  bar  wrapped  around 
a  thin  inner  case ;  thia  results  ia  frcgment*  of  a  fairly 
uniform  cite  dependent  on  the  tiie  of  the  ateel  bar. 
Since  fragmentation  bomba  are  designed  to  damage  a 
target  by  missile*  from  the  bomb  case,  they  are  always 
fused  to  explode  on  contact  or  in  the  air  above  the 
target 

The  moat  need  fragmentation  bomba  are  amall  (4 
to  20  lb)  so  that  a  large  number  of  them  may  be  car* 
ried  to  give  good  coverage  over  the  target  area.  Some 
targets  are  only  vulnerable  to  heavy  fragments  of 
high  velocity;  for  these,  larger  fragmentation  bomba 
are  required.  The  small  fragmentation  bomba  are 
packed  in  clusters  for  convenience  in  loading  on  air* 
craft 

For  low-altitude  attack  with  fragmentation  bomba, 
small  parachutes  must  be  attached  to  the  individual 
bombs.  This  slows  the  descent  so  that  the  attacking 
aircraft  will  be  out  of  the  danger  tone  before  the 
bombs  explode. 

Depth  Bombe.  Depth  bombs  are  designed  for  maxi* 
mum  underwater-explosive  effect.  Since  the  ense  must 
only  withstand  impact  on  water,  it  ia  thin  and  the 
charge  weight  ratio  ia  approximately  70  per  cent 
Depth  bomb*  curry  hydrostatic  fuzes  that  can  be  pre¬ 
set  to  cause  detonation  at  any  desired  depth.  These 
bomba  may  also  be  equipped  with  instantaneous  nose 
fuzes  so  that  they  can  be  used  as  smell  LG  bombs 
against  surface  targets. 

Depth  bombs  have  flat  uoeea  to  prevent  ricochet  on 
striking  water  when  dropped  from  low  altitudes,  and 
to  give  a  better  underwater  trajectory.  Some  of  the 
earlier  models  had  round  noses,  but  theso  can  be 
equipped  with  a  flat  false  nose. 

Aerial  Torpedou.  Acrid  torpedoes  are  designed  for 
launclung  from  low-flying  aircraft  They  are  similar 
in  design  and  action  to  ship-launched  torpedoes.  Aerial 
torpedoes  have  a  nose  shaped  to  prevent  ricochet  when 
dropped  from  vory  low  altitudes  and  to  give  under¬ 
water  trajectories  that  ere  near  the  surface  for  a  long 
distance. 

Aircbatt  Bockkts 

Aircraft  rockets  were  still  in  the  process  of  develop¬ 
ment  at  the  end  of  World  War  II.  Most  aircraft  rock¬ 
ets  now  in  use  arc  essentially  artillery  projectiles  pro¬ 
pelled  by  rocket  motors.  They  ere  used  in  low-level 
or  diving  attack  at  short  range.  Sockets  can  be  aimed 


more  accurately  than  bomba,  but  have  the  disadvan¬ 
tage  of  less  explosive  effect  due  to  their  smaller  size. 

Axnourr  Oxmraa 

The  small  machine  guna  carried  by  moet  military 
aircraft  can  be  used  for  strafing  attack  from  tow 
altitude;  and  are  effective  against  light  targets  that 
ar«  vulnerable  to  small -arms  fir*.  Guns  as  large  at 
75  mm  have  been  mounted  in  aircraft  to  function 
as  airborne  artillery.  The  relative  merits  of  these  guna 
and  airborne  rockets  have  not  been  determined. 

uaa  Artillery 

Artillery  projectilea  may  be  solid  steel  shot  for 
piercing  armor,  or  may  be  shell  filled  with  explosive 
or  other  material.  Armor-piercing  projectilea  are  de¬ 
signed  specifically  for  holing  resistant  targets,  and  are 
frequently  equipped  with  a  cap  which  protects  the 
sharp  nose  in  the  first  stages  of  impact  against  hard 
armor.  The  logger  sites  of  AP  projectilea  contain  a 
small  amount  oz  explosive  and  can  cause  some  damage 
by  fragments  after  entering  a  target  Such  projectiles 
must  have  an  explosive  that  is  insensitive  to  impact 
and  must  be  fused  with  a  short  time  delay. 

High-explosive  projectilea  cause  damage  by  explosive 
effect  and  by  fragments.  Thoy  must  have  a  body  strong 
enough  to  stand  the  forces  acting  when  the  projectile  ia 
flred  from  tho  gun.  Such  projectile*  are  uaually  fuzed 
for  inatantanooua  action  when  striking  the  target 
Some  projectilea  have  a  hollow  charge  in  the  noae 
to  perforate  the  target  by  action  of  the  Munroa  effect 
(eeo  Chapter  14). 

There  are  many  other  types  of  artillery  projectiles, 
such  os  smoke  shell,  illuminating  projectiles,  etc.,  but 
since  these  do  not  cause  physical  damage  to  targets 
they  are  not  considered  her*. 

Shall  Asms 

Small  armi  include  rifles,  machine  guns,  and  sim¬ 
ilar  weapons.  They  are  effective  only  against  light 
targets  or  personnel 

fiooxxxa 

A  large  variety  of  rockets  have  been  developed  for 
use  in  World  War  II.  Moat  of  these  are  essentially 
some  type  of  artillery  projectile  or  bomb  propelled  by 
a  rocket  motor.  Pockets  may  be  fired  from  individual 
launchers  carried  by  hand  or  from  multiple  launch¬ 
ers  carried  by  trucks,  tanks,  or  small  ships.  Sockets 
may  have  solid  heads  for  piercing  targets,  explosive 
heads,  or  may  have  a  hollow  charge  in  the  head  for 
holing  the  target.  (Sco  Chapter  14.) 
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Very  luge  rocket  projectile*  hue  been  need  in 
World  Wu  II,  tiie  most  striking  exempts  being  the 
V-8  rocket  employed  by  the  Germans.  Thi*  weapon 
carried  a  large  explosive  charge  and  was  essentially 
an  LC  bomb  with  rocket  propulsion. 

* 

uaa  Special-Explosive  Weapon* 

There  are  many  types  o f  special-explosive  weapons 
(see  Weapon  Data  Sheets  lA7a,  lA7b  of  Chapter  19). 
Most  of  these  are  explosive  demolition  charges  un¬ 
signed  lor  some  special  purpose.  Demolition  charge* 
come  in  a  wide  variety  of  «izea  and  may  be  combined 
into  very  luge  charges.  There  is  great  flexibility  in 
their  use  subject  to  the  limitation  of  hand  placement. 

Link  Charge# 

Snaktt  are  demolition  charges  built  into  t  line 
charge  several  hundred  feet  in  length.  Thoy  may  be 
pushed  by  tanks  or  propelled  by  a  rocket  motor.  The 
shape  of  these  charges  makes  them  suitable  for  clear¬ 
ing  paths  through  obstacles  and  mine  fields.  Lin* 
charges  of  less  explosive  power  may  be  made  of  Ban¬ 
galore  torpedoes  or  braided  Prims  cord.  These  may 
be  used  to  clear  narrow  paths  through  light  obstacle* 
eucb  as  barbed  wire. 

Beach  Clkahanci 

A  variety  of  special  demolition  charges  have  been 
developed  for  clearing  mines  and  obstacle*  from 
beaches  preliminary  to  a  landing  operation.  Many  of 
theeo  devices  are  described  in  the  references  listed  on 
Weapon  Data  Sheet  6D2  of  Chapter  19. 

im  .EFFICIENCY  OF  WEAPONS— MEAN 
AREA  OF  EFFECTIVENESS 

To  compare  tho  efficiencies  of  various  weapons  in 
damaging  a  target,  oouie  quantitative  measure  of  the 
efficiency  is  needed.  It  would  be  desirable  to  measure 
the  damage  in  terms  of  loss  in  effectiveness  of  the 
opposing  forces,  loss  in  productive  capacity,  destruc¬ 
tion  of  stores  and  materiel,  or  other  factors  which  are 
tho  ultimate  objectives  o»  both  strategic  and  tactical 
attack.  These  factors  arc  difficult  to  measure  quickly 
and  accurately,  so  the  physical  damage  to  the  target 
is  usually  measured  as  it  has  been  found  to  be  related 
to  these  quantities.  Such  important  factors  ag  loss  in 
productive  capacity  con  he  estimated  from  the  physi¬ 
cal  damage  to  the  target,  but  such  estimates  are  not 
included  here. 


1111  Mean  Area  of  Effectiveness— 
Efficiency 

In  bombing  attacks  the  physical  damage  to  the  tar¬ 
get  is  usually  measured  in  terms  of  the  area  damaged 
to  a  specified  degree,  end  the  efficiency  is  measured  by 
the  mean  area  of  effectiveness  (MAE}.  This  quantity 
is  the  average  expected  area  of  damage  for  one  bomb, 
divided  by  the  weight  of  the  bomb,  and  is  usually 
expressed  in  sere*  per  ton  or  thousands  of  square  feet 
per  ton  of  bombs.*  The  radius  of  damage  is  the  radius 
of  a  circle  of  area  equal  to  the  average  expected  area 
of  damage  (MAE  times  weight  of  bot  h).  Since  the 
damage  area  ie  not  exactly  circular,  one  expects  to 
find  8'  much  damaged  target  at  distances  greater 
than  the  radius  of  damage  from  the  bomb  as  there  is 
undamaged  target  at  distances  less  than  the  radius  of 
damage  from  th»  bomb 

The  MAE  is  a  measure  of  the  efficiency  of  the  bomb 
on  a  weight  basis.  Bombs  having  large  MAE  values 
wilt  cause  large  areaa  of  damago  per  ton  of  bomba 
dropped  on  tho  target  area,  and  by  consideration  of 
the  loading  characteristics  of  aircraft  (seo  Section 
16.6.1)  the  MAE  may  be  used  to  determine  the  most 
efficient  bomb  in  terms  of  area  damaged  per  aircraft 

For  a  single  bomb  striking  tho  target,  the  average 
area  damaged  is  the  MAE  times  the  weight  of  the 
bomb.  If  a  large  number  of  bombs  are  dropped  with 
random  distribution  in  the  target  area,  the  fraction 
/  of  the  target  expected  to  be  damaged  is  given  by 
(because  of  overlapping) 

/  =  1  —  e~*° ,  (l) 

where  M  is  the  MAE,  D  is  the  density  of  bombing  in 
weight  per  unit  area,  and  *  —  2.718  •  •  •  is  the  bass  of 
natural  logarithms.  For  nonrandom  bomb  distribution 
the  relation  is  more  complicated. 

For  some  types  of  damage,  MAE  values  can  be  de¬ 
termined  from  a  knowledge  of  tho  action  of  tho  bomb; 
for  example,  the  MAE  for  cratering  is  tho  area  of 
the  crater  divided  by  the  weight  of  tho  bomb.  For 
other  types  of  damage  the  mechanism  of  damage  ie 
complex  and  more  accurate  values  of  the  MAE  are 
determined  by  analysis  of  data  from  actual  bombing 
raids.  For  example,  if  an  attack  has  been  made  on  a 
rail  yard,  reeonuaissanco  photographs  will  show  tho 

*Some  references  use  MAE  la  equara  foot  per  bomb  to 
describe  the  average  area  damaged  per  bomb.  Such  value* 
rnuit  be  divided  by  tho  weight  of  tho  bomb  to  be  consistent 
with  the  MAE  values  uiod  here.  Some  of  the  Weapon  Data 
Sheets  of  Chapter  19  mo  MAE  defined  as  area  per  unit  weight 
and  others  uw  area  per  bomb.  In  each  case  it  Is  dear  which 
definition  is  used. 
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number  of  can  present  and  the  number  of  can  dam- 
aged,  determining  the  fraction  /  that  are  damaged. 
The  area  of  the  rail  yard  and  the  number  of  bomba 
falling  within  the  yard  can  also  be  determined  from 
photograph*  and  determine  the  bombing  density  D. 
Using  these  value  of  /  and  P  the  value  if  of  the  MAE 
may  be  calculated  by  equation  (1).  If  a  large  quantity 
of  such  data  ia  available,  the  average  of  such.  computa¬ 
tion*  is  quite  reliable, 

For  many  mechanieme  of  damage,  the  average  ra¬ 
dio*  of  damage  per  bomb  can  be  expressed  as  some 
power  of  the  weight  of  explosive  charge.  If  the  radius 
of  damage  ia  proportional  to  w*,  where  it  is  the  weight 
of  explosive,  the  area  of  damage  is  proportional  to 
w*  and  the  MAE,  or  area  of  damage  divided  by  the 
weight  of  the  bomb,  is  proportional  to  Rte**-*, 
where  if  is  the  charge  weight  ratio  of  the  bomb.  There¬ 
fore,  for  bombs  of  the  same  type,  having  the  same 
charge  weight  ratio,  the  MAE  ia  an  increasing  or  de¬ 
creasing  function  of  the  weight  of  explosive,  depend¬ 
ing  on  whother  p  is  greater  or  leas  that  Q.5.  If  the 
MAE  is  an  increasing  function  of  the  weight  of  ex¬ 
plosive,  the  greatest  efficiency  ia  obtained  by  using 
large  bombs.:  if  it  is  a  decreasing  function  of  the 
weight  of  explosivo,  the  greatest  efficiency  ia  obtained 
by  using  small  bomba.  Thus  a  knowledge  of  the  values 
of  the  exponent  p  and  the  minimum  size  of  bomb  that 
will  produce  somo  damage  can  be  used  to  determine 
whether  largo  or  small  bombs  aro  the  more  efficient, 
and  that  i>  frequently  &U  that  is  needed  to  make  a 
weapon  selection.  If  p  —  the  MAE  is  not  depend¬ 
ent  on  the  weight  of  the  charge. 

Probable  Dahaoi 

The  probable  damago  to  a  target  can  be  estimated 
from  the  value  of  the  MAE  of  the  particular  bomb 
and  target  combination  considered. 

For  estimating  probable  damage,  target*  may  be 
divided  into  two  types:  those  targets,  usually  small, 
that  can  receive  tho  desired  damage  by  a  single  bomb 
hit;  and  those  targets,  usually  large  or  composed  of 
many  email  targets,  that  require  many  hits  if  the 
desired  damage  is  to  be  obtained.  There  are  many 
intermediate  type*  falling  between  these  extremes, 
but  only  the  two  types  will  be  considered  in  detail. 

Individual  Target ».  If  a  target  can  be  damaged  to 
tho  desired  extent  by  a  single  hit,  the  probability  of 
causing  at  least  this  damage  is  tho  probability  of  ob¬ 
taining  at  least  one  hit  on  the  target  with  the  proper 
bomb.  The  probable  area  of  damage  it  the  MAE  times 
the  weight  of  the  bomb.  For  some  individual  targets, 


each  a*  bridge*  the  probable  damage  depends  epos 
whether  or  not  a  hit  it  obtained,  end  the  expected 
area  of  damage  has  little  meaning; 

Individual  target*  may  be  attacked  by  single  air¬ 
craft,  by  several  aircraft  making-  successive  attack* 
or  by  until  formation*  of  aircraft  The  type  of  attack 
mad  should  be  that  requiring  the  least  force  for  a 
given  probability  of  a  bit 

Large  or  Compound  Target*.  Large  target*  or  tar¬ 
gets  composed  of  many  individual  unit*  are  usually 
attacked  by  a  formation  of  aircraft  dropping  bomba 
in  a  more  or  less  uniform  pattern.  The  size  of  the 
bomb  pattern  depends  on  the  type  of  formation  and 
method  of  dropping.  Thia  method  of  attack  applied 
to  very  large  target  areas  is  called  area  bombing. 

A  typical  example  of  bombing  of  a  compound  target 
ia  an  attack  on  an  industrial  area  containing  several 
buildings.  If  the  same  type  of  bomb  is  carried  by  each 
of  the  aircraft  the  expected  fraction  of  damage  to 
each  building  is  given  by  equation  (1)  where  ii  ia 
tho  MAE  of  the  bomb  for  the  building  and  D  ia  the 
density  of  bombing.  The  expected  area  of  damage  to 
sn  individual  building  is  the  expected  fraction  dam¬ 
aged  times  the  area  of  the  building,  or  expected  area 
damaged  equals 

=  (») 
where  A  j  is  the  area  of  the  building  and  is  the 
MAE  of  the  bomb  used  in  the  building  considered. 
Some  of  tho  buildings  will  suffer  more  damage  than 
predicted  and  others  will  experience  less  damage,  but 
the  expected  area  damaged  in  each  building  is  given 
by  equation  (2).  The  total  expected  area  of  damage 
for  the  entire  target  area  may  bo  determined  by  apply¬ 
ing  equation  (2)  to  each  of  the  buildings  and  .sum¬ 
ming  tho  results  for  the  entire  target  system.  S,uch  a 
procedure  will  tend  to  average  out  the  individual  vari¬ 
ations  from  building  to  building,  the  averaging  being 
better  for  larger  target  areas,  and  if  the  values  of  the 
MAE  and  the  bombing  density  are  accurately  known 
this  gives  a  reliable  picture  of  the  overall  damage  to 
the  target  system. 

The  calculations  described  above  assume  that  the 
density  of  bombing  is  uniform  over  tho  entiro  target 
area,  which  of  course  implies  that  the  uniform  pattern 
of  bombs  must  cover  the  entire  area.  If  the  bombing 
density  is  not  uniform,  equation  (2)  may  bo  applied 
to  each  individual  building,  using  the  values  of  if  and 
If  tor  that  building,  and  the  total  expected  area  of 
damage  will  be  the  sum  of  the  individual  expected 
areas  for  all  buildings. 
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Most  industrial  targets  contain  individual  compo- 
nenta  of  different  importance.  The  expected  am  of  1 
damage  for  each  component  may  be  computed  by  equa¬ 
tion  (8)  and  weighted  by  multiplying  this  value  by 
some  numerical  measure  of  the  importance  of  the 
target.  For  example,  if  a  target  component  of  am  At 
has  an  importance  fw  than 

Weighted  expected  area  of  damage  =*  ltAJu  (8) 
and  a  measure  of  the  effectiveness  K  of  tbs  attack  is 
_  _  tiAJx  +  ItAJt  4* +  **•  ... 

Mi  +  Mi  +  Ms  +  *" 

where  both  numerator  and  denominator  are  aommed 
for  all  componenta  of  the  target  The  numerical  val¬ 
ues  for  the  importance  of  the  different  target  compo¬ 
nents  must  be  assigned  by  someone  familiar  with  the 
details  of  the  target  being  attacked.  The  relation  be¬ 
tween  the  effectiveness  S  and  the  actual  effect  on  the 
target,  such  as  loss  of  productive  capacity  of  an  in¬ 
dustrial  target  or  decrease  in  defensive  strength  of  a 
military  target,  can  only  be  determined  by  a  large 
amount  of  experience  and  data. 

«•*  DAMAGE  MECHANISMS 

A  knowledge  of  the  various  mechanisms  for  damag¬ 
ing  targets  is  essential  for  making  weapon  selections 
or  critically  evaluating  damage,  and  in  many  cases 
such  knowledge  ia  all  that  ia  needed  for  weapon  selec¬ 
tion.  The  most  importaut  mechanisms  for  damaging 
targets  are  air  blast,  confined  blast,  underground  ex¬ 
plosion,  underwater  explosion,  fragmentation,  and 
fire.  Each  of  these  will  be  considered  separately  here, 
with  particular  attention  to  bombing  problems ;  how¬ 
ever,  the  principles  given  here  may  be  applied  to  any 
weapon  causing  damage  by  one  of  these  mechanisms. 

l6Al  Air  Blast 

When  a  bomb  detonate]  in  air  (ace  Chapter  2),  the 
very  rapid  expansion  causes  a  comprescional  wave  of 
great  intensity  and  very  abrupt  rise,  called  a  shock 
wavs,  to  spread  out  from  the  source  of  the  explosion 
with  a  velocity  initially  much  greater  than  the  veloc¬ 
ity  of  sound.  This  shock  wave  is  characterized  by  a 
very  sudden  rise  in  pressure  to  the  peak  pressure,  then 
a  gradual  decrease  from  this  maximum  value  to  a 
pressure  below  atmospheric  pressure,  followed  by  an 
increase  to  atmospheric  pressure  as  shown  in  Figure  1. 
As  the  weight  of  the  explosive  charge  is  increased, 
the  di&tsnce  st  which  a  given  peak  pressure  of  the 


*wk  wave  occur*  increase*  as  the  cube  root  of  the 
charge- weight.  At  distances  from  two  bomb*  which 
are  proportional  to  the  robe  rooie  of  tho  charge 
weights,  the  pressures  will  therefore  be  the  same  but 
it  ia  found  that  the  positive  impulse  will  be  greater  for 
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Ftouma  1.  Shock  wavs  due  to  explosion  in  sir,  showing 
change  In  procure  with  time. 

the  larger  charge  by  the  ratio  of  the  cube  roots  of  the 
charge  at  these  scaled  distances.  Furthermore,  the 
peak  pressure  and  particularly  the  positive  impulse  ia 
larger  at  equal  charge-weight  for  bombs  which  have 
light  cases  than  for  bombs  having  heavy  casern 
Air  blast  damages  a  target  by  action  of  the  shock 
wave  on  the  target.  If  the  shock  wave  strikes  an  ob¬ 
ject  that  will  break  very  quickly,  damage  will  occur 
if  the  peak  pressure  is  sufficient,  and  the  duration  ot 
the  wave  ia  not  important  If  the  target  ia  yielding, 
as  are  most  buildings,  with  a  characteristic  period 
long  compared  to  the  duration  of  the  ahock  wave,  then  . 
the  shock  acta  on  tho  target  for  its  full  duration  and 
damage  is  due  to  the  momentum  given  to  the  target 
This  type  of  damage  ia  a  function  of  the  positive  im¬ 
pulse  of  the  shock  wave,  which  is  tho  time  integral 
of  the  excess  above  atmospheric  pressure  from  the  be¬ 
ginning  of  the  shock  to  the  time  at  which  the  pressure 
first  falls  to  atmospheric  pressure.  The  positive  im¬ 
pulse  is  shown  by  the  shaded  area  in  Figure  1.  Weap¬ 
on  Data  Sheets  8A1,  3A2*,  8A2a,  and  8A8  of  Chapter- 
19  can  be  used  to  predict  the  peak  pressure  and  posi¬ 
tive  impulse  as  functions  of  weight  of  explosive  ebarga 
and  distance  from  explosion. 

For  bomba  having  8,000  lb  or  less  of  ordinary  ex¬ 
plosive  the  duration  of  the  shock  wave  ia  usually  much 
leas  than  the  natural  periods  of  normal  structures, 
and  damage  ii  due  to  tho  impulse  exerted  by  tho  blast 
rather  than  to  the  peak  picsaure  of  tho  shock  wave. 
It  has  been  found  experimentally  that  the  distance 
from  an  explosion  at  which  a  gri  v*  Impulse  ia  pro- 
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duced  increases  roughly  as  the  %  power  of  the  might 
vt  explosive.  Applying  th*  mooning  of  Section  16.4A 
wilh  p  =  %,  one  sees  that  the  am  within  which  the 
impulee  equal*  or  exceed*  a  given  value  i*  proportional 
to  the  %  power  of  the  weight  of  explosive;  thua  th* 
MAE  for  damage  due  to  impulse,  or  effective  area  per 
unit  weight,  ia  approximately  proportional  to  Bw* 
where  A  ia  the  charge-weight  ratio  o!  the  bomb  and 
v  ia  the  weight  of  exploaive  charge.  Since  bomba  hav¬ 
ing  a  large  charge-freight  ratio  alao  uae  tha  exploaive 
more  efficiently  (Chapter  2)  the  increase  in  efficiency 
ia  even  greater  than  indicated  here.  One  sees  that  for 
greatest  efficieucy  in  damaging  a  target  by  action  of 
.  the  impulse  of  the  shock  wave,  bomba  having  larga 
charge-weight  ratio  and  large  weight  of  exploaive 
chargo  should  be  used.  The  LC  bomba  have  these  char¬ 
acteristics  and  are  recommended  in  all  cases  where 
external  air  blast  will  be  the  most  effective  damaging 
agent.  Instantaneous  fuzing  must  be  used  to  ensure 
detonation  before  breakup. 

Airbdbst  Bombs 

The  diatanco  over  which  the  impulse  exerted  by  tha 
blast  wave  exceeds  a  given  value  can  be  increased  by 
detonation  of  the  bomb  above  ground  (see  Chapter  2 
and  Weapon  Data  Sheets  3A7,  3AS,  3A9  of  Chapter 
19).  Special  fuzes  must  be  used  to  obtain  airburst. 

Confined  Blast 

In  some  instances  it  is  desirable  to  have  a  bomb  det¬ 
onate  inside  a  building  to  cause  damage  by  confined 
blast  Since  LC  bomba  can  not  perforate  any  but  very 
light  roofs  the  GP  bombs  should  be  used,  with  abort 
delay  fuzing  to  causa  detonation  inside  the  building. 
The  reasoning  given  in  Section  16.0.1  still  applies  and 
large  bombs  aro  more  efficient  than  small  bombs  up  to 
the  size  that  will  completely  destroy  an  entire  unit 
At  present,  it  is  not  poseible  from  theory  to  predict 
whether  confined  bloat  with  small  bombs  or  external 
blast  with  large  bomba  is  the  better  choice..  However, 
operational  data  on  Japanese  targets  indicates  that 
4.000-lb  bombs,  instantaneously  fuzed,  are  more  effec¬ 
tive  than  600-lb  GP  bombs  with  short  delay  fuzes 
against  aircraft  factories  and  similar  structures. 

PENETRATION  INTO  StROOTUBI 

Case  Strength.  In  order  to  cause  damage  by  con¬ 
fined  blast,  a  bomb  must  penetrate  into  the  target  (see 
Chapters  6,  7,  8,  9).  This  requires  perforation  of  a 
structure  that  may  be  very  light,  in  the  case  of  a  fac¬ 
tory  or  warehouse,  or  very  heavy,  in  the  case  of  a  forti¬ 
fication.  Weapon  Data  Sheets  2C1-2C8  of  Chapter  19 


give  information  on  tha  perforation  of  various  mate¬ 
rials  by  bombs  and  projectiles,  and  may  b*  weed  to 
select  a  weapon  capable  of  reaching  the  interior  of  the  ' 
target  In  genera),  LC  bomba  can  be  used  only  fa e 
extremely  light  roofing,  GP  bomb*  can  be  used  foe 
ordinary  construction*  SAP  bomba  are  needed  for 
unusually  i’«7  industrial  construction,  rainfenad* 
concrete  fort.' tl  atiana,  and  lightly  armored  targets,  and 
AP  bomb*  ere  needed  against  heavily  armored  targets. 

Expletive  Semitivitf.  Borne  explMiva*  ere  very  sen¬ 
sitive  to  impact  and  will  detonate  when  the  weapon 
strikes  a  target,  regsvdlee*  of  the  fane  delay.  More  in¬ 
sensitive  explosives  must  ha  used  for  filling  weapon* 
that  are  to  penetrate  into  e  target  before  exploding. 

11X1  Underground  Explosion 

When  e  bomb  or  shell  explodes  underground  (see 
Chapter  3)  the  case  expands  and  breaks  as  in  air,  but 
the  expansion  is  slower  because  of  tha  surrounding 
earth.  A  roughly  spherical  compression  wave  called  an 
earth  shock  wave  is  generated,  by  tha  expanding  esse 
and  by  coutiuued  pressure  of  the  gaseous  product*  of 
explosion,  and  travel*  out  into  the  surrounding  me¬ 
dium  in  all  directions,  decreasing  in  intensity  a*  it  does 
so.  When  this  earth  shock  wave  reache*  tho  si-  face  it  is 
reflected,  lifting  and  cracking  the  soil  an>’  projecting 
a  large  moss  of  broken  soil  into  the  elr.  T  pt  in  very 
deep  explosions  a  crater  is  formod  and  bccom-w  par¬ 
tially  filled  with  the  broken  earth  that  falls  back  al¬ 
most  vertically.  The  soil  near  the  explosion  is  perma¬ 
nently  displaced,  and  transient  displacements  may  oc¬ 
cur  at  some  distance  from  the  explosion. 

Targets  can  be  damaged  by  displacement  of  the 
foundation,  by  earth  shock  damage  to  underground 
walls,  or  by  cratering.  All  these  effects  con  be  caused 
by  underground  explosions.  Goners) -purpose  booths 
can  penetrate  into  the  ground  without  damage  to  the 
case  and  should  be  used  with  the  proper  fuse  delay  to 
causo  detonation  st  the  desired  depth. 

Cratejuno 

Many  targets  can  be  damaged  by  cratering  (see 
Weapon  Data  Sheets  3Bla*,  3Blb  oi  Chapter  19). 
Experiment*  have  shown  that  ell  dimensions  ef  « 
bomb  crater  are  approximately  proportional  to  the  % 
power  of  the  weight  of  explosive ;  thus  the  diomoter  of 
a  bomb  crater  is  proportional  to  to*,  the  plan  area  is 
proportional  to  «•,  and  tha  MAE  for  area  cratered  is 
proportional  to  Rur by  tho  reasoning  given  in  Sec¬ 
tion  13.4.1.  This  mean*  that  tot  maximum  area  al¬ 
tered  per  unit  weight  of  bomb,  small  1  tombs  of  large 
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charge-weight  ratio  should  be  need.  General -purpoee 
bomb*  are  the  boroha  of  greatest  charge-weight  ratio 
that  can  penetrate  into  soil  without  deformation.  Fuse 
delay*  of  0.01  cec  for  the  100-  to  6004b  GP  bomba  and 
0.085  aeo  for  the  1,000*  to  4,000-lb  GP  bomba  allow 
enough  penetration  tor  satisfactory  crater  formation. 
If  the  aoil  ia  resistant  to  penetration  longer  delay*  are 
satisfactory,  but  for  *oib  allowing  deep  penetration 
longer  delay*  may  result  in  eamouflet  or  imvrmplafo 
craters. 

Beasouiug  similar  to  the  above  ahowa  that  the  vol¬ 
ume  of  a  crater  is  proportional  to  the  weight  of  explo¬ 
sive.  Therefore,  if  the  objective  of  an  attack  is  to  cra¬ 
ter  large  volumes  instead  of  large  areas,  the  efficiency, 
or  volume  per  pound  of  explosive,  ia  practically  inde¬ 
pendent  of  the  weight  of  the  charge.  This  means  that 
GP  bomba  of  any  size  may  be  used  with  so  great  dif¬ 
ference  in  efficiency  of  forming  large  crater  volume*. 

There  is  no  available  data  to  show  whether  scaling 
laws  applied  to  craters  of  ordinary  bomba  can  be  used 
to  predict  crater  formation  by  bombs  containing  very 
powerful  explosives. 

Displacement  or  Sthuctoiui.  Components 

Building  columns  and  foundations,  small  bridge 
piers,  and  similar  structural  components  can  be  moved 
by  motion  of  the  foundation  soil,  and  aUch  displace¬ 
ments  may  weaken  the  structure  sufficiently  to  cause 
collapse  or  to  require  demolition  (see  Weapon  Data 
Sheet  3B2  of  Chapter  19).  The  required  displace¬ 
ments  utu  be  caused  by  underground  explosions  in 
many  cases. 

Experiments  have  shown  that  the  radius  from  an 
underground  explosion  at  which  a  given  surface  dis¬ 
placement  is  attained  increases  about  as  the  0.45 
power  of  the  weight  of  explosive  for  GP  bombs  up  to 
2,000  lb  in  weight.  Applying  the  reasoning  of  Section 
16.4.1  one  finds  that  the  efficiency,  or  lethal  area  per 
unit  weight,  ia  proportional  to  Bur*-1  and  the  great¬ 
est  e'uciency  will  be  obtained  by  using  small  bombs  of 
large  charge-weight  ratio,  provided  that  the  bomb  is 
large  enough  to  cause  tho  desired  displacement.  How¬ 
ever,  the  exponent  of  tc  is  so  small  that  intermediate 
bomb  sizes  may  bo  used  with  no  great  loss  in  efficiency. 
General-purposo  bombs  should  be  used  to  insure  pene¬ 
tration  into  the  soil  without  damage  to  the  case,  and 
should  be*  fuzed  with  sufficient  delay  to  allow  enough 
penetration  for  a  well-tampcd  explosion,  but  the  fuze 
delay  must  not  be  too  great  or  the  explosion  will  occur 
too  deep  to  cause  much  displacement  near  the  surface. 
F.jse  delays  of  0.01  see  for  the  100-  to  500-lb  GP 


bombs  and  0.085  aeo  for  tha  1,000-  to  4,0004b.  GP 
bomba  are  satiafsetory  for  moat  purpoaca. 

Daxacii  to  Undeic. round  Wall* 

Targeta  having  underground  walla  can  be  damaged 
by  earth  shock  acting  on  the  walla  (aee  Weapon  Data 
Sheet  6A5*  of  Chapter  10).  Experiment!  have  ahowa 
that  the  radio*  for  damage  by  earth  aback  is  not  a  tbm- 
ple  power  function  of  the  weight  of  explosive.  How¬ 
ever,  graphical  anatysia  of  the  data  from  a  large  num¬ 
ber  of  teste  shows  that  the  optimum  site  of  bomb  for 
damaging  s  wall  of  thickness  t  ft  is  that  giving  a 
scaled  thickness  t/w*  of  0.4  to  0.6,  where  v  is  tha 
weight  of  explosive  in  pounds.  The  analysis  also  show* 
that  for  bombs  smaller  than  this  site  the  efficiency  do- 
creases  very  rapidly  with  decreasing  weight  of  charge, 
while  for  larger  than  the  optimum  size  bombs  the  effi¬ 
ciency  is  almost  as  great  as  for  the  optimum.  There¬ 
fore,  the  greatest  efficiency  will  be  obtained  by  match¬ 
ing  the  weight  of  explosive  to  the  thickness  of  the  un¬ 
derground  wall  so  that  </tc*  is  about  0.4,  or  tv  =*  16t*, 
and  by  using  the  first  6izc  larger  bomb  than  computed. 
Since  the  bombs  must  penetrate  into  the  ground  before 
explosion,  GP  bombs  with  short  delay  fuzing  should 
be  used.  The  optimum  fuzing  should  cause  detonation 
at  about  the  depth  of  the  center  of  the  wall. 

1444  Underwater  Explosion 

When  an  explosive  detonates  under  water  (see 
Chapter  1),  the  high  pressure  produced  compresses  the 
water  and  causes  a  coropressional  wave  of  high  inten¬ 
sity,  called  a  shock  wave,  to  spread  out  from  the  source 
of  the  explosion.  This  shock  wave  can  cause  damage  to 
ships  or  other  structures  under  the  water  provided 
they  aTe  eloso  enough  to  the  source  of  the  wave.  Fur¬ 
thermore,  the  expanding  gases  from  the  explosion, 
after  producing  the  shock  wave,  continue  to  exert 
pressure  ou  the  water,  forcing  it  outward.  The  com- 
pressional  wave  is,  thorofore,  followed  by  a  flow  of  the 
water  which  can  bo  treated  as  an  incompressible  flow. 
It  is  certainly  possible  that  this  flow  causes  damage 
and,  in  fact,  it  has  been  postulated  by  some  that  this 
is  more  important  in  causing  damage  than  tho  shock 
wave  itself.  This  iB  a  question  which  has  not  been  fully 
clarified.  The  bubble  of  burnt  gas  will  ovorexpand,  bo- 
couse  of  the  inertia  of  the  flowing  water,  and  then  con¬ 
tract  under  the  influence  of  hydrostatic  pressure.  Aa 
tho  bubble  nears  its  minimum  size,  a  second  comprea- 
sion  wave  is  emitted  which,  Although  much  less  intense 
than  tho  original  shock  wave,  has  a  greater  duration 
and,  therefore,  considerable  momentum  and  energy. 
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If  the  explosion  la  deep  enough,  there  may  be  a  nuza* 
her  of  expansion*  and  contraction*  -with,  a  prewar* 
poise  emitted  at  each  minimum.  With  shallow  explo¬ 
sion*,  these  do  not  occur  because  the  ga*  bubble  reaches 
the  surface  and  vents  before  the  subsequent  contrac¬ 
tion  can  occur.  Then  so  called  bubble  pulses  can  also 
cause  damage  under  proper  conditions. 

r  vhe  shock  wave  strikes  a  target  such  as  a  ship, 
one  v.  several  things  may  happen.  The  structure  may 
fail  quiokly  before  the  pressure  in  the  shock  wave  ,ias 
decayed  very  far.  This  would  be  true  of  a  brittle  Tuto¬ 
rial  or  a  system  haring  a  very  small  natural  period 
end  insufficient  strength  to  resist  the  high  pressure 
(of  the  order  of  thousands  of  pounds  per  square  inch) 
in  the  shock  wave.  It  may  be,  however,  that  the  period 
of  the  structure  is  longer  than  the  short  duration 
of  the  high-pressura  phenomenon,  in  which  case  the 
impulse  of  tho  wave  may  be  absorbed  an  cl  may  be  the 
determining  factor  for  damage.  There  is  one  possible 
complication,  probably  quite  important  in  practice.* 
This  is  that  the  target,  upon  being  accelerated  by  the 
pressure  wavs,  may  move  with  sufficient  velocity  to 
pull  away  fnm  the  water  or  to  pull  part  of  the  water 
away  from  itself,  causing  cavitation  in  front  of  tho 
target.  This  has  been  clearly  demonstrated  by  photog¬ 
raphy  for  certain  ranges  of  conditions.  In  this  cose, 
it  is  indicated  that  it  is  the  energy  of  the  shock  wav* 
that  determines  the  damage  produced.  Therefore,  there 
aro  three  possible  situations,  theoretically,  regarding 
damage  produced  by  the  shock  wave ;  namely,  damage 
produced  by  pressure,  b,  momentum  or  impulso,  or  by 
energy.  In  the  first  of  these  cases,  the  radius  of  dam¬ 
age  would  increase  as  the  cube  root  of  the  weight,  in 
the  second  as  the  %  powor  approximately,  and  in  the 
third  oa  tho  %  power  approximately.  Experimentally, 
all  threo  of  these  situations  con  be  approximately 
realized  but  it  ia  not  clear  which  of  them  is  the  cor¬ 
rect  assumption  for  normal  ship  damage.  The  square 
root  law  being  intermediate  between  the  extremes 
seems  to  bo  a  good  rough  approximation  as  far  as  our 
present  knowledge  ia  concerned. 

Bubble  damage,  that  is,  damage  caused  by  the  later 
pressure  pulses  from  the  oscillating  bubble,  is  believed 
to  be  important  for  charges  located  under  the  target 
since  gravity  causes  tho  gas  bubble  to  rise  and  there 
is  also  an  attraction  by  the  target  drawing  the  bubble 
toward  it.  These  conditions  are  probably  also  favorable 
to  damage  caused  by  the  incompressive  flow  of  the 
water.  It  is  clear  that  a  great  deal  of  woTk  remains  to 
be  done  concerning  the  mechanism  of  damage  by  un¬ 
derwater  explosions. 


The  case  of  a  bomb  does  not  hav*  fee  be  extremely 
strong  to  withstand  impact  on  water,  end  bombs  of 
high  chsrge-weight  ratio  should  be  used  for  maximum 
efficiency.  Depth  bomb*  have  been  specially  designed 
for  use  in  aerial  attack.  These  bomb*  have  a  charge- 
weight  ratio  of  jabout  70  per  cent  and  are  equipped 
with  hydrostatic  fosse  that  can  be  oreeet  to  etas*  ex¬ 
plosion  at  any  desired  depth. 

Special  charges  for  underwater  demolition  are  pro¬ 
vided  with  waterproof  cases  »nd  e  wide  choice  of  firing 
devices,  and  may  be  fitted  together  to  make  very  large 
explosive  charges. 


***  Fragmentation 

When  a  bomb  explodes  in  sir,  the  case  ia  broken  op 
into  a  large  number  of  small  fragments.  Thin  bomb 
casot  result  in  very  small  fragments  while  thick  cases 
result  in  fairly  large,  heavy  fragments.  The  fragments 
leave  the  bomb  with  an  initial  velocity  that  is  approxi¬ 
mately  inversely  proportional  to  the  square  root  of  the 
ratio  of  the  weight  of  cose  to  the  weight  of  explosive 
charge,  and  are  slowed  ir  their  travel  through  air  by 
a  resisting  force  proportional  to  the  average  crocs- 
sectional  area  of  the  fragment*  and  to  the  square  of 
their  velocity.  When  fragments  strike  a  target  their 
ability  to  perforate  it  is  the  seme  as  that  of  any  other 
projsctil  2  of  the  same  size  and  shape  (see  Chapters  % 
7,  8,  and  9),  but  since  fragments  from  any  given 
bomb  vary  in  size  and  shape  the  ability  to  perforate 
must  be  treated  by  statistical  methods.  Most  fragments 
from  a  bomb  of  average  Bhape  are  ejected  laterally; 
thus  the  greatest  density  of  fragments  it  in  a  thin 
disk-shaped  spray  around  the  bomb. 

Thin-cased  bombs  eject  fragments  haring  a  higher 
initial  velocity  than  those  from  bombs  haring  thick 
cases,  but  the  f ragman ta  are  Tery  light  and  so  are 
slowed  in  their  travel  through  air  more  than  heavy 
fragment*.  Furthermore,  the  fragments  are  so  small 
and  light  that  they  have  little  ability  to  perforata  re¬ 
sistant  targets.  For  these  re  aeons,  bomba  baring  thick 
cases  are  the  preferred  agents  for  causing  damage  to 
a  target  by  fragments.  The  specially  designed  frag¬ 
mentation  bombs  have  thick  cases.  The  body  is  made 
0 f  a  helix  of  square  eteel  bar  wrapped  around  a  thin 
inner  lining,  and  on  explosion  of  tho  bomb  this  bar 
breaks  into  large  heavy  fragments  of  fairly  uniform 
size.  Fragments  from  GP  bombs  are  lighter  on  the 
average  and  have  cuch  a  vide  variation  in  size  that 
many  small  and  ineffective  fragments  are  included. 

Bombs  must  detonate  in  air  if  their  fragment*  are 
to  be  effective,  and  so  should  be  equipped  with  instan- 
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taneoua  or  ait-burst  fuzes ;  the  ait-burst  fuzing  is  pref¬ 
erable  for  targets  baring  shielding  on  the  sides  but 
at  present  be  used  only  on  certain  bomb  types.  The 
helical  case  of  fragmentation  bombs  is  not  designed 
for  perforation,  so  these  bombs  cannot  be  used  for 
targets  under  cover.  General-purpose  bombs  must  be 
used  for  fragmentation  damage  on  such  targets. 

Small,  dispersed,  and  unprotected  targets  such  as 
personnel,  unarmored  vehicles,  and  grounded  aircraft 
are  vulnerable  to  fragments.  Any  fragmentation 
weapon  exploding  near  one  of  these  targets  can  cause 
damage;  the  small  20-lb  fragmentation  bomb  is  most 
efficient  The  larger  fragmentation  bomba  are  effective 
at  a  greater  distance  from  the  target  but  are  not  as 
efficient  in  lethal  area  per  unit  weight  as  the  small 
bomb.  Targets  having  heavy  construction  are  not  eas¬ 
ily  damaged  by  the  fragments  from  the  20-lb  bomb, 
and  the  90-  or  260-lb  or  other  fragmentation  bomb 
yielding  large  fragments  must  be  used.  Qenoral-pur- 
poso  and  SAP  bombs  are  a  good  second  choice,  and 
the  OP  bomb  may  be  more  efficient  against  some  tar¬ 
gets.  Targets  of  very  heavy  construction  are  not  easily 
damaged  by  fragments  from  tho  standard  fragmenta¬ 
tion  weapons  and  should  be  Attacked  by  using  soma 
other  mcchaniara  of  damage. 

las.*  Fire 

Many  targets  are  combustible  and  where  this  is  tho 
case  fire  is  usually  the  most  effective  agent  (see  Divi¬ 
sion  11  STR).  Fires  can  be  started  by  HE  bombs  or 
by  the  specially  designed  incendiary  bo  ''s.  The  in- 
f  ndiary  bombs  are  more  efficient  in  starting  fires  and 
should  be  recommended  for  all  targets  whore  fire  .4 
chosen  as  tho  mecliailsru  of  damage  to  be  used.  How¬ 
ever,  tho  flrc-startuy  inabilities  of  HE  bombs  should 
not  be  ignored  in  •  .dieting  tho  effects  of  these  weap¬ 
ons  ou  combust1  le  target*. 

CoNCKNTiur.oj?  or  Fxhe  ?  -uacis 
All  tyr  j  of  incendh*  aotubs  are  effective  in  start¬ 
ing  fir  s.  The  choia  .-otween  the  different  types  of 
be  '  4  depends  up.-n  the  desired  distribution  and  iu- 
‘  -city  of  sources  of  fire.  The  scattcr-typo  incendiary 
tombs  ATf  usually  filled  with  a  gasoline  gd  mixture 
"  i'hi^  ignite*  and  spreads  over  a  small  area  when  the 
hu.  S  bursts  on  impact.  The  small  intensive-type 
its  dropped  in  aimablo  clusters  that  open  at  an 
utkU  of  about  5,000  ft  spread  over  a  larger  area, 
s  v -evilt  in  small  sources  of  lire  scattered  so  that  for 
s  ,  f  the  oresent  clusters  there  is  one  fire  source  for 
ct  rv  2  000  to  5,000  53  it.  Those  small  bombs  can  also 


be  dropped  in  quick -opening  clusters  that  open  a  fst 
hundred  feet  below  the  aire.nft  and  spread  the  bomb* 
over  a  large  am,  and  for  each  cluster  dropped  from 
10,000  ft  there  is  an  average  of  one  fire  source  for 
every  20,000  to  50,000  aq  ft  It  i*  seen  that  these  three 
types  can  be  used  to  causa  wide  variations  in  concen¬ 
tration  of  fire  sources.  In  general,  a  high  concentra¬ 
tion  of  fire  sources  is  needed  for  targets  that  are  not 
highly  combustible  and  a  wide  spread  or  low  concen¬ 
tration  it  allowable  for  highly  combustible  areas. 

Vulnep  ability  of  Tabqkts  to  Fbi 
The  effectiveness  of  incendiary  bomba  in  starting 
fires  depends  to  a  large  extent  upon  the  combustibility 
of  the  roof  of  the  target  (see  Weapon  Data  Sheet  6BS 
of  Chapter  ID).  Once  a  fire  ia  sufficiently  well  estab¬ 
lished  to  cause  serious  damage,  tho  extent  of  it*  spread 
doee  not  depend  on  the  origin  of  the  fire  but  on  the 
combustibility  of  the  roof,  the  height  of  the  building 
(height  of  upper  story  in  multistory  buildings),  and 
the  amount  and  combustibility  of  the  contents.  Fire** 
are  usually  limited  to  the  fire  division  within  which 
they  start,  where  a  fire  division  is  defined  ns  an  area 
of  a  building  separated  from  other  areas  by  fire  walls 
or  air  gaps.  A  fire  well  established  in  a  fire  division 
having  a  combustible  roof  usually  burns  out  the  entire 
fire  division,  while  a  fire  well  established  in  a  fire  divi¬ 
sion  having  a  noncombuatible  roof  usually  burns  out 
ouly  part  of  the  fire  division. 

The  expected  area  of  damage  due  to  incendiary 
bombs  for  one  fire  division  of  ua  industrial  building 
with  a  combuRtible  roof  ia  the  area  of  tho  fire  division 
times  the  probability  of  starting  a  fire;  for  an  indus¬ 
trial  building  having  a  non^ombustible  roof  the  ex¬ 
pected  areu  of  damage  ia  that  part  of  a  fire  division 
that  will  bo  burned  out  by  a  well-established  fire  (sea 
graph  on  Weapon  Data  Sheet  CD2  of  Chapter  19) 
times  the  probability  of  starting  a  lire.  Thus  the  MAE 
for  damage  by  fire  depends  upon  the  roof,  tho  height, 
the  contents,  and  the  area  of  tho  firo  division. 

Roof.  For  the  purpose  of  estimating  firo  damage  to 
buildings,  roofs  may  be  described  as  combustible,  non- 
combustiblo,  or  fire-resistant.  The  type  of  roof  is  usu¬ 
ally  determined  from  examination  of  photograph*, 
knowledge  of  building  construction  practices,  and 
other  information.  The  probability  of  starting  a  seri¬ 
ous  fire  in  a  building  with  combustible  roof  is  about 
fifteen  times  the  probability  of  starting  such  a  fire  in 
a  building  with  noncombustible  or  fire-resistant  roof. 

Height.  The  probability  of  starting  a  fire  that  can 
cause  serious  damage  depends  strongly  on  the  eave 
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bright  of  thi  build  in#  or  the  height  of  the  upper  *tory 
for  multistory  hnHdinge.  Lov  buildings  are  much 
more  vulnerable  to  fire  iterting  than  building!  with 
high  roof*.  The  relative  probabilities  of  starting  a  aeri- 
ooa  fin-  in  building*  having  height*  of  10,  25,  or  50 
ft  are  approximately  1,  0.5,  and  OX  For  building* 
having  heights  of  more  than  50  ft  to  the  eavee  the 
probability  of  ■*■«■*!«£  a  aatk.ua  fixe  is  negligibly 
emalL 

Content!.  Aa  would  be,  expected,  the  combuaUbility 
of  the  content!  of  *  building  has  a  great  effect  on  the 
probability  of  starting  a  aerie  as  fire  that  will  spread 
through  the  fire  division.  The  combustibility  of  the 
contents  is  frequently  described  by  the  occupancy  rat¬ 
ing,  or  per  cent  of  the  floor  area  that  is  covered  by 
combustible  material.  The  probability  of  starting  a 
serious  fin  is  approximately  three  times  aa  much  for 
an  occupancy  rating  of  45  per  cent  aa  it  is  for  an  oc¬ 
cupancy  rating  of  5  per  cent. 

• 

Ihcbnuoby  Effects  or  Hiqh-Explosivi  Bombs 

A  study  of  damage  to  buildings  has  shown  that  the 
probability  of  starting  a  fire  by  action  of  an  HE  bomb 
is  approximately  %.  Time  for  oombnstible-roof-type 
buildings,  the  average  fire  damage  due  to  HE  bomba 
is  %  of  the  area  of  the  fire  division,  and  for  buildings 
having  concombustibto  roofs  the  average  fire  damage 
ia  %  of  the  area  that  will  be  burned  out  (see  graph 
on  Weapon  Data  Sheet  6B2  of  Chapter  19).  If  the 
bomb  starts  a  fire,  the  itructural  damage  and  tho  fire 
damage  will  affect  the  same  parts  of  tho  building,  and 
only  the  fire  damage  should  bo  considered.  In  the  five 
out  of  six  instances  when  no  fire  is  started  the  struc¬ 
tural  damage  due  to  the  HE  bomb  ia  the  only  damage 
occurring.  Thus  the  average  expected  damage  for  in¬ 
dustrial  buildings  attacked  by  HE  bomba  ^  %  of  the 
expected  area  of  structural  damage  plus  %  of  the  area 
expected  for  fire  damage,  provided  that  the  area  dam¬ 
aged  due  to  ono  fire  is  equal  tc,  or  greater  than,  the 
area  damaged  by  one  exploeion. 

High-explosive  bomba  may  damage  the  fire  wall 
separating  fire  divisions,  and  if  this  occurs  fire  may 
spread  from  one  division  to  the  next.  It  is  necessary 


that  a  500-lb  bomb  strike  within  30  or  40  ft  of  the  watt 
to  canse  sufficient  damage  for  mterdi  vision  fire  spread. 

High-explosive  bomb*  may  also  be  used  in  incen¬ 
diary  bomb  attacks  to  cause  damage  to  water  mains, 
to  block  street*  with  debria,  and  to  hinder  and  discour¬ 
age  fire  fighterv 

LOADING  EFFICIENCY 

The  actual  combat  application  of  weapon*  at  the 
highest  efficiency  is  not  so  simple  as  described  in  Sec¬ 
tions  16.4  and  16.fi.  There  the  efficiency  of  bomba  for 
various  mochaniem*  of  damage  was  described  i*  • 
function  of  the  weight  of  the  bomb,  and  it  was  shown 
that  if  tho  mechanism  of  damage  to  a  target  ia  known 
this  information  alone  will  often  determine  the  most 
efficient  size  of  bomb  and  the  beat  fuzing.  Such  selec¬ 
tions  are  baaed  on  the  efficiency  in  terms  of  bomb 
weight,  and  are  not  necessarily  selections  of  the  most 
efficient  weapons  per  plane  load. 

iaa.x  Loading  of  Bomba  on  Aircraft 

The  following  examplo  of  the  cratering  efficiency 
per  aircraft  will  illustrate  tho  importance  of  the  load¬ 
ing  characteristics  of  aircraft  in  using  bombe  at  tha 
greatest  efficiency.  Tire  diameter  of  tho  averaga  crater 
formed  in  loam  soil  by  bomba  detonating  at  the  opti¬ 
mum  depth  may  bo  determined  from  Weapon  Data 
Sheet  3Bia‘  of  Chapter  1ft,  and  the  area  of  the  crater 
may  be  calculated  from  this  diameter.  The  fimt  col¬ 
umn  of  Table  1  gives  the  nominal  weights  of  the  four 
smallest  GP  bombs,  the  second  column  gives  the  area 
of  the  average  crater  formed  jy  each  bomb  detonating 
at  the  optimum  depth  in  ham  soil,  and  the  several 
doublo  columns  give  the  number  of  bombs  carried  in 
normal  loading  and  the  total  area  cratarcd  (assuming 
no  overlap  of  craters)  for  some  typical  bombers.  Sec¬ 
tion  16.5.3  shows  that  tho  smallest  bomb  is  the  most 
efficient  for  area  cratering  if  the  efficiency  is  measured 
in  terms  of  the  bomb  weight,  but  Tabla  1  shows  that 
this  is  not  necessarily  true  where  the  efficiency  is  meas¬ 
ured  in  terms  of  the  place  load.  The  100-lb  GP  bomb 
is  the  most  efficient  for  normal  loading  on  the  B-24, 


Tabu  1,  Area  cratered  per  plane  load  of  various  general-purpose  bomba. 


OP  bomb 

Crater 

area 

(ft*) 

1  B-29  | 

B-24  j 

B-17E  j 

■nrnfi 

B-25C,  D 

No. 

Area 

(ft*) 

No.  j 

Area  1 
(ft*)  1 

No.  j 

Area 

((t*) 

No. 

Area 

***** 

\u7) 

No. 

Area 

(ft*> 

1004b 

310 

80 

24,800 

62 

10,140 

20 

0,200 

38 

11,700 

3,720 

2504b 

630 

60 

29,800 

24 

12,720 

14 

7,420 

20 

10,000 

Bfl 

1,240 

5004b 

830 

40 

83,200 

13 

0,900 

8 

6,640 

13 

9,900 

B| 

4,980 

1.0004b 

1,360 

13 

10,820 

8 

10,680 

4 

6.440 

0 

8.160 

Bfl 

4,030 
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B-17F,  and  B-17Q ;  the  260-lb  GP  bomb  la  the  moot 
efficient  for  the  B-17E ;  and  the  500-Ib  GP  bomb  ie  the 
meet  efficient  for  the  B-39,  B-25C,  end  B-2PD.  The  im* 
portence  of  considering  loading  characteristic*  of  air¬ 
craft  is  shown  by  the  fact  that  the  1,000-lb  bomb  U 
more  efficient  than  the  100-lb  bomb  for  normal  load¬ 
ing  on  tha  B-25,  while  on.  a  weight  basis  the  10O4b 
bomb  is  approximately  twice  as  efficient  as  the  1,000- 
lb  bomb  for  ana  entering. 

,UJ  Efficiency  of  Artillery  Attack 

The  efficiency  problems  in  artillery  attack  require 
consideration  of  the  nte  of  fin  and  mobility  of  the 
weapons  instead  of  tha  loading  characteristic*  as  con¬ 
sidered  for  aircraft  The  eite  of  gun  increases  as  the 
size  of  the  projectile  increases,  snd  the  amount  of 
explosive  carried  per  shell  increases  approximately  as 
the  cube  of  the  projectile  caliber.  The  rate  of  Are 
usually  decreases  as  the  size  of  the  gun  increases,  and  the 
mobility  decreases  as  the  weight  of  the  gun  increase*. 
All  of  these  factors  and  the  operating  range  influence 
the  efficiency  of  artillery  weapons. 

If  the  objective  of  on  attack  is  a  bombardment  of 
a  prescribed  woight  of  the  explosive  per  unit  area, 
th  results  can  be  achieved  by  use  of  a  large  number 
of  small  rapid-firing  guus  operating  at  short  range  or 
by  use  of  a  smaller  number  of  large  guns  firing  r  ora 
slowly  at  long  range.  The  small  guns  aud  their  am¬ 
munition  are  more  mobile,  and  operational  conditions 
may  proj'  .uieo  against  exposing  the  number  of  end 
positions  of  the  relatively  immobile  large  pieces.  How¬ 
ever,  tho  use  of  large  guns  makes  a  heavy  attack  pos¬ 
sible  from  a  reasonably  long  range,  using  a  compara¬ 
tively  email  number  of  weapons.  Tho  decision  as  to 
which  method  is  tho  more  efficient  is  a  difficult  one, 
depending  on  mauy  factors;  a  detailed  treatment  of 
the  problem  will  not  be  attempted  bore. 

If  the  objective  of  an  artillery  attack  is  to  perforate 
a  resistant  target  such  as  a  concrete-encloscd  gun 
emplacement,  the  objective  can  be  attained  by  a 
single  direct  hit  from  a  large  guu  or  by  repeated  hits 
in  a  small  area  using  smaller  projectiles  (see  Sec¬ 
tion  7.2.7).  Here,  tho  number  of  hits  required  for 
each  projectile  size  can  be  estimated  with  some  ac¬ 
curacy.  The  effects  of  mobility,  rate  of  fire,  and  othor 
factors  must  be  considered  as  in  area  bombardment. 

IM  FORCE  REQUIREMENTS 

The  force  required  to  cause  a  desired  degree  of 
damage  to  a  target  depends  upon  the  extent  of  the 


damage  desired,  tha  accuracy  of  delivery,  and  the  . 
MAE  of  the  weapon  against  the  target  If  these  fac¬ 
tor*  are  known  the  necessary  force  car.  be  determined. 

u.u  Bombing  Attack 

The  force  required  for  a  given  expectancy  of  causing 
a  desired  level  of  damage  to  a  particular  target  will^ 
depend  on  the  type  of  target,  the  MAE  against  this 
target  of  tha  weapon  choetn,  tha  levs!  of  damage 
sought,  aitd  the  method  and  accuracy  of  the  attack. 

A  target  may  be  a  single  unit,  such  as  a  ship,  a  bridges 
or  an  important  fortification,  a  collection  of  «"ch 
units,  or  simply  an  area  vulnerable  to  attack.  Against 
a  single  target  one  hit  may  be  sufficient,  or  a  number 
of  hits  may  be  neodod.  In  any  event,  tho  required  num¬ 
ber  of  hits  con  bo  determined. 

Bombing  can  be  by  individual  aiming  of  each 
bomb,  by  individual  aiming  of  each  string  of  bombs 
from  a  plane,  or  bombing  by  groups  of  planes,  each 
dropping  a  single  bomb  or  a  string  of  bombs  upon 
signal  from  the  leader.  The  probability  of  achieving 
tho  desired  number  of  hits  with  a  given  force,  or  the 
number  of  bombs  that  moat  be  dropped  for  a  given 
probability  of  achieving  the  desired  number  of  hits, 
must  be  determined  by  statistical  methods.*-'-*  Briedy, 
the  method  is  u  follows*,  for  individual  aiming,  the 
dispersion  of  bombs  about  the  aiming  point  usually 
follows  tho  normal  probability  curve,  which  can  be 
UKcd  to  calculate  the  expectancy  of  achieving  at  least 
the  desired  number  of  hits.  In  order  to  make  this* 
computation  it  is  nccessaTy  to  know  the  accuracy  that 
can  bo  expected  in  tho  bombing  attack;  this  accuracy 
varies  greatly  with  training,  experience,  incentives, 
snd  conditions  undor  which  the  attack  is  made,  but 
its  expected  value  can  be  dcterralnod  for  a  given 
situation. 

For  largo  formations  of  planes  dropping  bombs  on 
signal  tho  distribution  of  bombs  differs  from  the  nor¬ 
mal  error  distribution  and  for  a  group  so  large  tlrnt 
tho  size  of  the  bomb  pattern  is  large  compared  with 
the  normal  aiming  error,  tho  bomb  distribution  can 
be  considered  as  a  random  pattern  covoring  the  target 
and  surrounding  area.  In  this  esse,  the  probab.iity  of 
getting  one  hit  on  a  single  target  entirely  within  the 
area  covered  by  tho  bombing  pattern  is  the  area  of  the 
target  (or  its  vulnerable  area)  times  the  density  of 
bombing,  or  number  of  bomba  per  unit  area  in  the 
pattern.  This  mothod  of  bombing  is  not  economical 
for  isolated  targets,  but  may  he  used  against  an  arcs 
containing  a  large  number  of  individual  targets.  Tha 
area  of  the  bomb  pattern  is  somewhat  greater  than  the 
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of  the  formation  at  -the  instant  of  bomb  release. 
When  the  target  does  not  consist  of  individual  *»»«*■ 
on  which  direct  hits  most  be  achieved,  but  instead 
contains  areas  of  vulnerability  to  which  a  single  bomb 
<*n  be  expected  to  cause  a  certain  area  of  destruction, 
equation  (1)  of  Section  16.4.1  may  be  used  to  deter* 
mine  Urn  required  density  of  bombing.  This  equa¬ 
tion  b 

f (1) 
where  f  is  the  fraction  of  the  target  receiving  the 
specified  degree  of  damage,  if  is  the  MAE  of  the  bomb 
used  for  the  specified  degree  of  damage  of  the  target, 
considered,  and  D  (in  reciprocal  units  to  if )  is  the 
density  of  bombs.  Snowing  f  end  if,  one  can  calculate 
the  required  density.  From  this  density  end  a  knowl¬ 
edge  of  the  method  of  bombiug  to  be  used  by  the  at¬ 
tacking  force  the  number  of  bombs  and  planes  can 
lie  determined.  This  method  .nay  be  used  to  determine 
force  requirements  for  attack]  on  industrial  or  urban 
area*,  airport  runways, or  other  target!  where  a  desired 
level  of  damage  ia  required  but  in  which  there  ere  no 
•peciflo  vital  epota  to  which  damage  must  be  caused. 

w-7-*  Other  Methods  of  Attack 

Tho  general  considerations  that  have  been  outlined 
above  apply  equally  to  types  of  attack  other  then 
bombing,  such  as  artillery,  rocket,  guided  missilo,  tor¬ 
pedo,  and  other  attacks.  For  individually  aimed  weap¬ 
ons  the  dispersion  usually  follows  the  normal  error 
curro  or  an  equivalent  relation;  the  numerical  factors 
that  express  the  exact  shape  of  this  curve  depend  ou 
the  accuracy  of  aiming  or  control  and  on  any  factors 
Hint  can  affect  the  behavior  of  the  weapon  between 
tho  end  of  aiming  or  control  and  the  time  of  striking. 
In  any  event,  a  knowledge  of  the  expected  distribution 
of  hits,  obtained  from  tlio  past  performance  of  the 
weapon  and  of  the  size  and  location  of  the  target 
allows  one  to  calculate  the  number  of  tries  for  a  given 
expectancy  of  obtaining  not  leas  than  the  specified 
number  of  hits. 

When  weapons  are  used  for  general  bombardment 
or  area  attack,  in  which  aiming  ia  not  directed  at  in¬ 
dividual  targets,  the  required  density  of  attack  is  de¬ 
termined  by  equation  (1)  for  an  expected  level  of 
damage  due  to  attack  by  weapons  of  known  MAE. 

1U  SELECTION  OF  TARGETS 

Nearly  every  target  contains  a  number  of  compo¬ 
nents  of  differing  importance  and  vulnerability,  and 
vulnerable  to  different  damage  mechanisms.  The  se¬ 


lection  of  the  best  component  to  attack  must  ba  cased 
on  Hie  critical  nature  of  the  component  and  ha  physi¬ 
cal  vulnerability  to  the  various  damage  mechanism 
available  in  the  form  of  weapons.  A  detailed  knowl¬ 
edge  of  the  entire  target  complex  ia  required  for  tar 
teQigent  target  selection. 

***  Strategic  Target* 

A  strategic  aerial  campaign  will  be  concerned  first 
with  the  'selection  of  target  systems  for  attack,  such 
as  oil  production,  transportation,  or  ateel  The  choice 
of  the  systems  to  receive  concentrated  attack  ia  made 
at  the  highest  levels,  on  the  basis  of  the  relation  bo- 
tween  tbe  effort  required  and  the  effect  on  the  enemy. 
Estimates  of  the  effort  and  effect  must  be  made  by 
those  familiar  with  weapon  analysis  and  with  the 
whole  internal  economy  of  the  enemy. 

Every  target  system  contains  a  large  number  of 
components  of  varying  vulnerability  to  attack.  The 
selection  of  the  particular  components  of  a  system  to 
be  attacked  in  order  to  achieve  the  desired  effect  on 
the  system  ia  normally  made  at  field  command  level, 
again  on  tha  basis  of  analyses  by  weapon  analyots  and 
economic  analysts.  The  components  chosen  must,  of 
course,  be  those  for  which  the  least  effort  is  needed 
for  the  required  effect.  Tha  number  and  choice  of  com¬ 
ponents  of  targets  depend  primarily  on  three  kinds . 
of  facts:  the  relative  importance  of  the  components 
to  the  functioning  of  the  system,  the  physical  vulner¬ 
ability  of  the  components  to  damage,  and  the  ease 
with  which  they  mu  be  hit  Although  certain  compo¬ 
nents  o !  a  system  may  be  absolutely  vital  to  its  opera¬ 
tion  they  may  be  so  well  protected  and  difficult  to  bit 
as  to  make  very  unsatisfactory  targets. 

Consider,  for  example,  tha  planning  of  attacks  on 
transports*  on.  All  existing  means  of  transportation 
mu  ax  be  examined.  It  may  be  that  all  will  require  at¬ 
tack  in  order  to  reduce  tho  flow  of  material  to  ita  des¬ 
tinations  ;  on  the  other  hand  it  may  be  that  ail  supplies 
are  controlled  at  some  point  by  a  particular  system 
and  that  the  desired  effect  can  best  be  attained  by 
attacks  on  this  system  only.  In  attacking  a  particular 
system  it  ii  essential  to  examine  it  carefully  in  order 
to  select  those  parts  of  it  ou  which  to  concentrate. 
In  the  case  of  rail  transportation,  for  example,  there 
are  fuel  or  power  supplies,  locomotives  and  rolling 
stock,  and  right  of  way,  Locomotives  can  be  damaged 
while  idle  or  while  in  operation  and  their  repair  and 
maintenance  facilities  can  also  be  destroyed.  Rolling 
etock  can  be  attacked  in  large  concentrations  in  freight 
yards.  In  attacking  the.  right  of  v  ^y  it  is  usually  de- 
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sirable  to  (elect  the  bottleneck*  Out  ere  by-pamed 
with  the  moct  difficulty  end  ere  meet  difficult  to  re¬ 
pair.  The  choice  of  target  point*  will  depend  on  the 
time  for  which  operation  i*  to  be  (topped. 

Several  typical  strategic  target*  are  diacuasad  from 
tlie  point  of  view  of  rnlnarabilitj  and  weapon  aelee- 
tba  in  Section  XU. 

***  Tactical  Targets 

A  tactical  attack  is  intended  to  be  followed  imme¬ 
diately  by  an  advance  of  onef*  own  force*  into  enemy 
territory  or  to  interfere  with  the  enemy's  attempts  to 
advance.  In  either  case  the  objective  is  to  destroy  « t 
damage  fortifications  or  other  defenses,  transportation 
and  communication  facilities,  and  military  supplies. 
The  weapons  ted  methods  of  attack  are  basically  the 
same  as  in  strategic  operations,  although  they  may 
be  used  under  somewhat  different  conditions.  The  se¬ 
lection  of  targets  according  to  importance,  vulnera¬ 
bility,  and  ease  of  hitting  must  be  made,  using  the 
principles  discussed  for  strategic  targets.  The  prin¬ 
cipal  difference  between  strategic  and  tactical  opera¬ 
tions  is  in  the  length  of  time  involved,  the  former 
being  concerned  with  months  and  years,  the  latter 
with  hours  end  days. 

The  attack  of  several  typical  tactical  objectives  is 
discussed  from  tho  point  of  view  of  physical  vulnera¬ 
bility  and  weapon  selection  in  Section  16.9. 

it*  WEAPON  SELECTION 

The  broad  general  principles  governing  the  eelee- 
tion  of  weapons  to  be  used  are  similar  for  both  strate¬ 
gic  and  tsctical  objectives.  The  primary  concern  must 
always  bo  the  efficiency,  or  damage  for  tiro  effort 
expended. 

The  choice  of  bomb  and  fuse  for  the  most  efficient 
aerial  attack  on  a  target  can  frequently  he  made  from 
a  knowledge  of  the  mechanism  for  obtaining  the  do- 
aired  damage.  The  difficulty  in  making  a  weapon  selec¬ 
tion  on  this  basis  is  the  choice  of  a  target  and  the 
choice  of  damage  mechanism.  The  choioe  of  a  target 
must  be  made  by  using  all  available  information  and 
should  include  consideration  of  the  vulnerability  of 
the  different  targets  to  bombing.  Once  a  target  has 
been  selected  the  type  of  damage  desired  must  be 
decided  upon.  Where  a  target  can  be  damaged  by 
soreral  mechanisms,  the  types  of  damage  and  the  rela¬ 
tive  efficiencies  of  the  different  mechanisms  must  be 
compared. 


In  this  section,  weapon  selection  for  aerial  attack 
an  typical  military  targets,  transportation  targets, 
and  industrial  targeta  will  be  described. 

Military  Target* 

Military  field  targets  differ  from  other  targets  In 
that  the  attack  is  always  tactical  and  never  strategic. 
The  abjective  is  temporary  or  permanent  neutralisa¬ 
tion  of  the  installations. 

Shall,  Lhjhtlt  Psotkctkd  Tabobx* 

Small,  lightly  protected  targets4  are  vulnerable  to 
almost  any  explosive  weapon  detonating  near  thr-*, 
and  con  be  damaged  by  various  missiles  (see  Weapon 
Data  Sheet  6D3  of  Chapter  19).  If  the  targets  rje 
small  and  widely  dispersed,  tde  most  efficient  weapon 
for  attack  would  be  one  just  large  enough  to  destroy 
one  target  provided  that  the  aiming  accuracy  were 
such  tliat  a  single  shot  could  be  reliably  expected  to 
hit  the  target  This  is  actually  never  the  case  so  that 
the  choice  between  many  small  weapons  and  a  few 
large  ones  depends  entirely  on  the  MAE  of  the  weap¬ 
ons.  If  the  MAE  (per  tan)  is  larger  for  the  large 
weapons  and  tho  given  typo  of  target,  then  a  fow  large 
bomba  will  be  more  efficient  then  many  small  ones  and 
vice  versa.  Thia  is  a  very  important  point  which  hot 
often  been  confused,  so  that  on  t  rample  may  be  in 
order.  Suppose  that  it  is  important  to  destroy  a 
small  wooden  shack  by  high-altitude  attack.  Since,  in  . 
thia  typo  of  attack,  there  is  very  little  probability 
that  any  individual  bomb  will  strike  the  target,  all 
that  can  be  done  is  to  drop  s  considerable  number  of 
bombs  which  will  form  in  a  mure  or  less  random 
pattern  which  should  blanket  thi  target.  Therefore, 
tho  chance  that  the  target  will  be  destroyed  is  the 
chance  tliat  at  least  one  bomb  fulls  within  a  critical 
distance  of  the  target.,  tills  distance  depending  upon 
the  size  of  the  bomb  and  the  strongth  of  the  target. 
If,  for  purposes  of  illustration,  il;  is  assumed  tliat  the 
target  will  be  destroyed  by  s  100-lb  bomb  felling  less 
than  20  ft  away  or  by  a  4,000-lb  !>oinb  exploding  lees 
than  ISO  ft  twav,  the  problem  is  equivalent  to  the 
following  one; 

A  number  of  circles  equal  in  radius  to  the  destruc¬ 
tive  radius  of  the  bomb  are  dropped  at  random  over 
the  target.  What  is  the  probability  that  at  least  one 
of  these  circles  will  cover  or  touch  the  target?  It 
turns  out  that  this  probability  is  given  by  equation 
(1)  where  /  is  in  this  case  to  be  interpreted  as  the 
probability  of  destruction  of  the  tiuget  In  this  equa¬ 
tion,  M  is  the  MAE,  that  is  tho  ares  of  the  circle 
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within  which  damage  ia  to  be  expected  divided  by 
the  weight  of  the  bomb  and  D  ia  the  density  of  bomb* 
ing  in  tenna  of  weight  per  nnit  area.  If  the  urn* 
total  weight  per  nnit  area  ia  dropped,  the  choice  be* 
tween  the  larger  and  the  smaller  bomb  will  depend 
open  the  value  of  the  HAS.  If  the  figure*  given  above 
are  correct  for  the  given  target,  then  fax  this  cbm  the 
larger  bomb  would  be  anperior  aince  Ita  MAB  ia,  in 
thia  example,  larger.  Thia  win  not  always  be  the 
case.  For  example,  if  tho  target  were  protected  by  a 
revetment,  then  clearly  tho  MAE  for  any  reasonable 
aixa  bomb  would  be  the  tree  of  tho  circle  of  the 
revetment  end  would  not  increase  ta  the  aixe  of  the 
bomb  increased.  In  this  case,  the  smaller  bomb  is 
obviously  indicated.  lu  many  cases,  such  light  t&igeta 
are  vulnerable  to  fragments,  in  which  case  tho  frag* 
mentation  bomb  or  imall-arma  bomb  can  bo  recom¬ 
mended.  If  close  attack  ia  possible,  airborne  rockets 
ar>  effective. 

Personnel.  Personnel  are  vulnerable  to  direct  hits 
by  projectiles  and  to  near  misses  by  bombs.  Men  in  the 
open  or  with  partial  shielding  are  attacked  moat  effi¬ 
ciently  by  » '*>1  fragmentation  bombs.  Any  bombing 
attack  ia  lUr..;  '  »  cause  personnel  to  seek  cover,  and 
a  heavy,  sustained  attack  of  any  kind  will  tend  to 
prevent  operation  of  all  but  protected  gun  positions. 

The  vulnerability  of  men  to  damage  by  fragments 
from  bomba  depends  on  whether  they  arc  standing  in 
the  open,  prone  in  the  open,  or  shielded  by  trenches 
or  other  protection.  Men  standing  in  the  >pen  are 
most  vulnerable,  of  course;  racu  prone  In  the  open 
are  much  more  vulnerable  to  fragmentation  bombs 
fuzed  instantaneously  than  are  man  in  trenches,  and 
are  about  five  times  sa  vulnerable  to  fragments  from 
oir-burat-fuzed  500-lb  QP  bombs  as  are  men  in 
trenches.  Present  air-burst  fuzes  cannot  be  used  on 
small  fragmentation  bombs,  so  a  direct  comparison 
of  these  and  the  500-lb  GP  bomb  is  not  possible. 

Weapon  Data  Sheot  6D3  of  Chapter  10  gives  the 
svorago  lethal  area  per  bomb  for  various  bombs  against 
personnel.  The  average  maximum  distance  for  inca¬ 
pacitation  is  40  ft  for  the  20-lb  fragmentation  bomb 
and  90  ft  for  the  600-lb  GP  bomb,  where  both  sre 
fuzed  for  iustantaucous  detonation.  Air-burst  fuzes 
should  always  be  used  for  bombing  men  in  trenches. 

V t. licit).  Small  unarmored  vehicles  are  vulnerable 
to  small  weapons,  and  fragmentation  bomb:  are  effi¬ 
cient  agents  for  damaging  them  in  aerial  attack.  The 
average  lethal  tree  per  bomb  is  given  for  various 
bombs  in  Weapon  Data  Sheet  6D3  of  Chapter  19. 
The  20>lb  fragmentation  bombs  are  the  most  efficient 


of  present  bomba  if  the  efficiency  ia  measured  on  a 
weight  basis,  and  should  be  rood  if  available  unlam 
plans  loading  factors  strongly  favor  other  bomba. 
Severe  damage  can  be  caused  at  an  average  maximum 
distance  of  45  ft  from  a  20-lb  fragmentation  bomb  or 
118  ft  from  tho  500-Ib  GP  bomb. 

Aircraft.  Grounded  aircraft  are  vulnerable  ta  daor* 
age  by  fragmentation  bombs,  strafing,  and  fin  dam¬ 
age  due  to  does  hits  by  gasoline-gol-type  incendiary 
bomba.  If  aircraft  are  parked  in  a  line  so  that  many 
can  be  attacked  on  one  run,  strafing  is  effective  and 
efficient  In  this  or  any  other  disposition  of  grounded 
aircraft  in  the  open,  email  fragmentation  bomba  are 
the  most  efficient  on  a  weight  basis.  Lethal  areas  per 
bomb  are  given  in  Weapon  Data  Sheet  6D3  of  Chap¬ 
ter  19,  which  shows  that  the  averago  maximum  radius 
for  mere  damage  ia  45  ft  for  the  20-lb  fragmentation 
bomb  and  about  160  ft  for  the  500-)b  GP  bomb.  The 
lethal  area  per  pound  of  bomb,  or  efficiency,  is  twice 
as  great  for  the  20-lb  fragmentation  bomb  as  for  the 
500-lb  GP  bomb,  and  the  20-lb  fragmentation  bomb 
packed  ia  clusters  is  usually  more  efficient  per  plane 
load. 

Aircraft  parked  in  revetted  enclosures  are  shielded 
ngaicst  fragments  from  the  tide,  and  should  be  at¬ 
tacked  by  bombs  using  air-burst  fuses  so  that  the 
source  of  fragments  is  well  above  tha  top  of  the  re¬ 
vetments.  Small  fragmentation  bomba  are  effective 
if  enough  are  dropped  to  give  a  reasonable  expectation 
of  hits  inside  of  tho  revetments. 

TLsistsmt  Takoets 

Resistant  targets,  such  as  fortifications,  covered  gun 
emplacements,  and  protected  ammunition  stores,  sre 
not  vulnerable  to  tho  small  fragmentation  bombs  reo* 
ommended  abovo  for  small,  lightly  protected  targets 
and  must  bo  attacked  by  weapons  capable  of  greater 
effect. 

Gun  Positions 

From  the  point  of  viow  of  vulnerability  (aee  Weap¬ 
on  Data  Sheet  6D1  of  Chapter  19),  gun  positions 
may  bo  divided  into  three  types :  (1)  guns  in  the  open 
with  no  protective  shielding  other  than  that  provided 
by  the  gun  mount,  (3)  guns  surrounded  by  revet¬ 
ments  or  other  protective  walls  but  open  on  top,  and 
(3)  guns  enclosed  by  heavy  protective  construction, 
such  ts  concrete  or  steel  pillboxes,  or  gun  turrets  of 
ships.  These  three  types  must  be  exanuned  for  their 
vulnerability  to  tbo  sover&l  possible  mechanisms  of 
damage  discussed  in  Section  16.5.  Guns  aro  heavy  and 
present  a  small  ares  and  are  not  vulnerable  to  air 
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bUst.  They  art  obviously  not  vulnerable  to  damage  Guns  of  all  sixes  are  vulnerable  to  direct  bite  by 
by  fire  unless  a  combustible  substance  inch  as  gasoline  artillery  projectile!  or  rockets.  The  operational  con* 
gel  is  actually  placed  on  the  gun  or  the  ammunition  ditions  must  determine  whether  this  method  of  attack 
•to red  by  the  gun  can  be  exploded.  This  leaves  as  is  preferable  to  bombing.-^?? 
possible  mechanisms  of  damage,  underground  explo-  Guns  in  Revetment*.  Revetted  gun*  positions  are 
•ions  and  direct  bits  by  missiles  such  as  fragments  vulnerable  to  damage  by  underground  explosion  or 
or  projectiles.  Tbs  two  mechanisms  cannot  be  used  by  fragments  or  other  missiles,  as  arc  open  gun  post* 
together,  because  delay  faring  fa  needed  fbr  under*  tktn*.  The  Important  difference  Rea  in  the  protection 
ground  explosion  and  instantaneous  or  air-burst  fus*  provided  by  the  revetment  Experience  lux  shown  that 
ing  ia  needed  for  effective  fragment  distribution.  The  even  large  bombs  cause  no  appreciable  damage  to  such 
more  efficient  of  the  two  mechanisms  must  be  decided  guns  unless  they  strike  inside  of  the  revetted  area  or 
upon.  outside  but  within  about  4  ft  of  the  inside  edge  of  the 

Open  Oun  Position*.  Open  gun  positions*  bats  no  revetment  If  tho  revetment  is  circular  with  the  gun 
protection  and  are  vulnerable  to  damage  by  frag*  at  tho  center,  a  bomb  having  a  radius  of  damage  , 
meats  from  bombs  exploding  some  distance  a  way.  They  smaller  titan  the  radius  of  tho  revetted  area  plus  4 
are  vulnerable  to  damage  by  cratering,  earth  displace-  ft  will  act  on  the  gun  as  if  it  were  in  the  open,  and 
mnnt„or  projected  debris  from  cratering  in  rocky  soil,  a  bomb  having  a  radius  of  damage  equal  to  or  greater 
The  underground-explosion  effect-  are  not  great  ex-  than  tbo  radius  of  tho  revetted  area  plus  4  ft  will 
ccpt  in  or  close  to  the  crater,  but  the  damage  by  frag*  liave  a  lethal  area  equal  to  the  revetted  ares  plus  the 
raents  can  occur  at  some  distance  from  even  a  small  area  of  a  band  4  ft  wide  drawn  around  the  revetment, 
fragmentation  bomb.  Therefore,  it  is  concluded  that  This  means  that  the  largest  efficient  bomb  will  be  that 
fragmentation  ia  the  most  efficient  mechanism  of  bomb  having  a  radius  of  damagi  equal  to  the  radius 
damage  to  open  gun  emplacements.  This  is  in  agree-  of  tho  revetment  plus  4  ft  The  only  instaacw  in  which 
msnt  with  the  results  of  a  detailed  study  of  vulner-  larger  bombs  would  be  more  efficient  Is  with  air-burst 
ability  of  guna  reported  in  abstract  form  in  Weapon  fusing  for  detonation  above  the  level  of  the  revetment 
Data  Sheet  6Dl  of  Chapter  19.  There  it  is  seen  that  so  that  the  protection  provided  ia  nullified.  In  the 
the  MAE  for  damage  by  fragmentation  ia  roughly  caso  of  guns  iu  revetments,  as  for  guns  in  the  open, 
ten  timet  that  for  damage  by  underground  explosion,  the  radius  of  damage  by  fragments  from  a  bomb  hav- 
Thia  study  used  data  for  damage  to  guns  by  frag*  ing  instantaneous  fusing  ia  greater  than  that  for 
menta  from  GP  bombs;  similar  data  for  fragments-  dainago  by  underground  explosion  of  the  e* me  bomb 
tion  bombs  is  not  available  in  sufficient  quantity  for  with  delay  fusing. 

detailed  unalyais.  On  dividing  the  lethal  area  by  the  The  values  of  MAE  per  bomb  for  unsenioeability 
bomb  weight  in  pounds  for  MAE  comparison*  of  and  for  temporary  unserviceability  due  to  fragment 
fragmentation  daraago  against  guna  in  the  open,  one  damogo  are  given  for  several  bomba  and  for  different 
finds  that  for  medium  (75-mm  to  120-mm)  and  h'livy  sizes  of  revetted  gun  emplacements  in  Weapon  Data 
(160-mm  and  larger)  guna  the  100-lb  GP  bomb  is  the  Sheet  CD1  of  Chapter  ID.  DiviJbg  these  values  by 
most  efficient,  and  the  DO-  and  260-lb  fragmentation  the  bomb  weight  for  comparison  on  a  weight  basis 
bomba  arc  almost  as  efficient  aa  the  100-lb  GP.  Any  indicates  that  for  light  guns  the  20-lb  fragmentation 
of  these  bombs,  with  instantaneous  fusing,  may  be  bomb  is  the  most  efficient  instantaneously  iczed  bomb 
selected  for  attack,  and  consideration  of  the  aircraft  for  20-  and  30-ft  diameter  positions,  and  is  slightly 
loading  oi  these  bombs  will  enable  tho  most  efficient  less  efficient  than  tbo  500-lb  QP  bomb  fuzed  for  air 
bomb  per  plane  load  to  bo  selected.  buret;  the  90-lb  fragmentation  bomb  and  100-lb  GP 

Weapon  Data  Sheet  6D1  docs  not  give  numerical  bomb  are  of  about  equal  efficiency,  and  are  a  better 
values  for  Die  vulnerability  of  light  (20-mm  and  37-  selection  tlian  any  of  the  othor  bombs  list*!,  includ- 
mm)  guns  to  damage  by  fragmentation.  The  bomhs  ing  the  500-lb  GP  bomb  with  air-burst  fuzing, 
selected  for  the  medium  and  heavy  guns  may  bo  used,  Similar  computations  for  fragmentation  damage  to 
but  since  these  guns  are  oi  lighter  construction  it  is  medium  and  heavy  guns  in  revetted  positions  give  the 
reaeonablo  to  expect  that  the  smaller  20-lb  fragments-  same  results,  except  that  the  00-lb  f ragmaatation 
tion  bomb  will  also  be  efficient  for  attacking  light  bomb  and  iOO-lb  GP  bomb  have  about  *ha  same 
guns  in.  the  open.  If  there  is  no  shielding  around  the  efficiency,  on  a  weight  basia,  os  the  20-lb  fragmenta- 
guns,  there  ia  no  advantage  in  using  cir-burat  luxe*,  tion  bomb  for  small  positions.  There  is  not  much  data 
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on  damage  to  heavy  guns,  but  the  larger  fragmenta¬ 
tion  bomba  an  probably  more  efficient  than  the  20- 
lb  bomb  for  attack  on  heavy  gone  having  thick  steel 
parte. 

The  efficiency  comparisons  above  are  for  efficiency 
in  term*  of  ana  of  damage  per  pound  of  bomb.  The 
efficiency  in  terms  of  ana  damaged  per  plane  load 
must  be  determined  by  a  further  calculation  using  tee 
areas  given  in  Weapon  Data  Sheet  6D2  and  the  meth¬ 
od  of  calculation  described  in  Section  16.6.1. 

Enclosed  Gun  F&ritiont  —  Fortificatiom.  Strong 
points  of  resistance  frequently  have  gun  positions  en¬ 
closed  in  protective  structures  of  armor  or  reinforced 
concrete.*  Such  structures  an  vulnerable  to  damage 
by  underground  explosion  and  are  also  vulnerable  to 
damage  by  projectiles  or  bombs  that  perforate  the  top 
of 'side  walls  and  detonate  inside,  damaging  the  gun 
or  other  mechanisms  by  heavy  fragments.  Both  at¬ 
tacks  requiro  dolay  fuzing,  but  cannot  be  made  with 
the  eamo  weapon  without  loss  in  efficiency  of  one  or 
the  other  mechanisms;  perforation  requires  the 
strength  available  only  in  thick  bomb  or  projectile 
cases,  and  the  consequent  low  charge-weight  ratio  is 
inefficient  for  underground  explosion.  Instantaneously 
fuzed  bombs  making  direct  tuts  on  the  roof  can  cause 
damage  by  contact  explosion,  but  this  damage  is  minor 
in  comparison  with  the  damage  duo  to  delay  fuze 
actioo  of  the  eamo  bomb. 

The  most  severe  damago  can  be  caused  by  a  bomb 
or  projectile  perforating  the  roof  or  side  wall  and  de¬ 
tonating  inside  tho  structure.  SAP  or  AP  bombs  are 
required  for  all  but  thin  fortification  roofs,  and  AP 
projectiles  should  be  used  in  attacking  the  sido  walla. 
Less  rugged  bomba  or  projectiles  are  likely  to  suffer 
case  failure  and  fail  to  perforate.  Weapon  Data  Sheets 
2C1  and  2Cla  of  Chapter  10  may  bo  used  to  deter¬ 
mine  the  smallest  bomb  or  projcctilo  capable  of  per¬ 
forating  concrete  of  known  strength  end  thickness, 
and  Weapon  Data  Sheets  2C8  and  2C6*  may  be  used 
to  select  the  smallest  weapon  capable  of  perforating 
a  known  thickness  of  ariuor  plaie.  The  area  of  the  tar¬ 
get  vulnerable  to  such  an  attack  by  bombing  is  the 
inside  plan  area  of  ;bc  structure,  and  since  almost  any 
explosive  wcupon  capable  of  perforating  the  roof  end 
detonating  Inside  will  destroy  or  severely  damage  the 
gun  or  other  mechanism,  tho  probability  of  neutralis¬ 
ing  the  position  is  the  probability  of  obtaining  a  per¬ 
forating  hit  in  this  area. 

ay-fuzed  bombs  striking  outside  a  reinforced* 
concrete  structure  but  close  to  the  aide  walls  may 
breach  or  collapse  the  walla  by  transmission  of  the 


shock  of  tire  explosion  through  the  soil  The  damage 
ia  not  so  severe  aa  that  caused  by  perforation  plus 
subsequent  internal  explosion,  but  may  be  quite  suffi¬ 
cient  to  neutralize  the  position.  Weapon  Data  Sheet 
6A5*  of  Chapter  19  may  be  used  to  determine  the 
radius  of  damage  to  underground  rei nforccd -concrete 
walla  by  underground  explosion;  the  curve  marked 
breaching  should  be  used  in  making  estimates  of  vul¬ 
nerable  area,  and  any  leaser  damage  resulting  from 
detonations  farther  from  the  vail  should  be  consid¬ 
ered  a  bonus  The  area  vulnerable  to  such  an  attack 
ia  roughly  a  band  around  the  outside  of  the  structural 
having  a  width  equal  to  the  radius  of  damage.  The 
shape  of  this  area  around  corners  of  the  structure 
must  be  estimated,  and  the  band  may  be  of  varying 
width  due  to  different  thicknesses  of  tho  side  wall. 

Figure  2  ia  a  schematic  diagram  of  a  typical  reiu- 
furced-eoncrcte  fortification  and  shows  tho  arena  vul- 
uorable  to  bombing  attack  hy  perforation  of  the  roof 
and  by  earth-shock  damage  to  the  side  walla.  Approxi¬ 
mately,  the  probability  of  a  hit  within  cither  area  is 
proportioned  to  tho  area.  To  determine  tho  more  effi¬ 
cient  of  the  two  methods  of  attack  tho  vulnerable 
Areas  per  plane  load  of  bombs  must  be  determined. 
For  bomba  capable  of  perforating  tho  roof,  the  minor- 


Kroons  2.  Reinforced  concrete  fortlficatlr  n,  showing 
areas  vulnerable  to  bombing  attack.  The  Inside  pUn 
ores  U  vulnerable  to  perforation  by  bombs.  The  outside 
area,  having  width  equal  to  the  radius  of  damage,  ie  the 
vulnerable  area  for  earth  shock  damage  to  tbo  etde  walla 
of  the  structure.  The  shape  of  tbU  area  near  comers 
must  be  estimated. 
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able  am  is  the  inside  plan  am  of  the  target  plus  the 
am  vulnerable  to  earth-ehock  damage  by  the  same 
bomb  (since  both  use  the  same  fusing).  The  am 
vulnerable  to  earth-shock  damage  alone  for  bombs 
that  cannot  perforate  the  roof  is  determined  as  indi¬ 
cated  above.  These  may  be  compared  for  all  possible 
bomb  selections  to  find  that  bomb  for  which  the  target 
has  the  largest  vulnerable  am  per  plane  load.  For  the 
usual  type  of  structure,  it  will  be  found  that  the  most 
efficient  bomb  is  the  smallest  bomb  capable  of  perfo¬ 
rating  the  roof. 

Since  the  damage  doe  to  explosion  in  earth  near 
the  target  is  not  sc  severe  as  damage  due  to  perforation 
and  explosion,  it  may  be  desirable  to  make  tho  compu¬ 
tation  described  above  with  weighted  values  for  the 
different  type*  of  damage.  For  example,  if  the  earth- 
shock  damage  is  considered  half  as  desirable  as  the 
damage  by  perforation,  all  areas  for  earth-shock  dam¬ 
age  should  be  halved  in  the  computation  of  efficiency. 

Other  Resistant  Targets .  Other  types  of  resistant 
targets  are  protected  ammunition  stores,  command 
posts,  armored  vehicles,  etc.  Any  resistant  structures 
built  of  reinforced  concrete  may  be  analyzed  for  attack 
by  the  method  used  above.  Underground  structures 
may  be'  attacked  by  earth-shock  action  against  the 
walla  or  roof  or  by  perforation  of  the  composite  roof 
of  concrete  covered  with  soil.  (See  Composite  Targets 
in  Section  9.3.1.)  It  must  be  remembered  that  earth 
shock  can  act  on  the  roof  as  well  as  on  the  aide  walls, 

.  and  that  a  bomb  striking  the  roof  but  failing  to  per¬ 
forate  usually  comes  to  rest  in  a  position  suitable  for 
a  tamped  aide-on  contact  explosion,  with  possibilities 
of  severe  damage. 

Armored  vehicles  are  vulnerable  only  to  direct  hits 
or  very  near  misses  by  bombs.  They  are  such  small  tar¬ 
gets  that  direct  hits  by  bombs  ere  difficult  to  obtain, 
and  they  can  usually  be  attacked  more  efficiently  by 
rocket  flro  from  aircraft  or  by  artillery  fire. 

Military  Obstacles 

Thero  are  many  types  of  military  obstacles,  varying 
in  resistance  from  light  wire  barricades  to  heavy  con¬ 
crete  and  earth  antitank  walls.  Mott  obstacles  are  vul¬ 
nerable  only  to  direct  hits  or  very  near  misses,  and  are 
so  email  that  hits  are  difficult  to  obtain  by  bombing 
or  artillery  fire.  Hand-placed  demolition  churges  are 
the  most  effective  method  of  dealing  with  obstacles, 
but  tliis  technique  cannot  be  used  at  a  distor  ts. 

VFt’rs  Barricades.  Paths  through  barbed-wire  bar¬ 
ricades  can  bo  cleared  by  dropping  a  line  of  instan¬ 
taneously  fuzed  bombs  across  tho  barricade,  by  demo- 


sa 


lition  rockets,  or  by  line  charges  such  as  snikas  of 
Bangalore  torpedoes  placed  through  the  win.  Radii 
for  clearance  of  wire  by  these  weapons  an  given  in 
Weapon  Data  Sheet  6D2  of  Chapter  19.  Bomba  shonld 
be  dropped  by  flight  perpendicular  to  the  line  of  the 
barricade,  using  minimum  intervalometer  setting  to 
that  the  circles  of  clearance  will  overlap  to  provide  « 
clear  path  through  the  barricade. 

Obstacles.  Bombing  has  proved  to  be  ineffective 
against  obstacles  of  concrete,  stone,  and  steel,  unless 
a  direct  hit  is  obtained.  The  clearance  of  obstacles  by 
demolition  charges  is  a  specialized  technique  and  will 
not  bo  treated  here.  The  references  listed  in  Weapon 
Data  Sheet  6D2  should  be  consulted. 

Underwater  Obstacle I.  Underwater  obstacles  can  be 
cleared  by  detonation  of  suitable  demolition  charges. 
Special  charges  and  techniques  have  been  developed. 
The  references  listed  on  Weapon  Data  Sheet  6D2 
should  be  consulted. 

Land  Mines.  Bombing  is  not  a  satisfactory  method 
for  clearing  land  mines.  Paths  can  be  cleared  through 
some  mine  fields  by  detonation  of  line  charge*  on  tho 
ground,  small  line  chargee  such  as  the  Bangalore  tor¬ 
pedo  or  the  infantry  snake  being  used  to  clear  narrow 
paths,  while  larger  line  charges  carrying  several  pounds 
of  explosive  per  foot,  such  as  the  demolition  males, 
must  be  used  to  clear  path*  for  tanka. 

Precise  data  on  the  clearance  of  land  mines  by  line 
charges  are  not  available  in  enough  quantity  to  allow 
generalizations.  Tho  available  information  indicates 
that  for  large  charges  tlie  width  of  path  cleared  is 
proportional  to  the  square  root  of  the  weight  of  charge 
per  foot,  as  would  be  expected  from  model-law  consid¬ 
erations.  This  means  that  several  parallel  line  charges, 
properly  spaced,  can  clear  a  wider  path  than  a  single 
charge  having  the  samo  total  weight  of  explosive  per 
foot.  This  cannot  he  carried  to  the  extreme  of  a  large 
number  of  lines  of  small  explosive  content,  however, 
since  a  certain  minimum  weight  of  explosive  per  foot 
in  each  line  is  necessary  to  detonate  the  mines. 

The  distanco  from  an  explosive  charge  at  which 
laud  mines  will  be  detonated  depends,  among  other 
things,  on  the  sensitivity  of  the  mine  to  ehock  and  its 
depth  of  burial.  One  rarely  knows  what  type  of  mines 
are  to  be  cleared  or  the  depth  of  burial,  so  the  choice 
of  explosive  \ycapons  for  clearanco  is  at  best  a  guess. 
Tho  radiuB  of  clearance  is  not  definite,  but  ia  usually 
given  as  the  distance  at  which  50  per  cent  of  the  mines 
will  be  detonated.  Somo  live  mines  are  always  left  in¬ 
side  this  radius.  Mines  near  the  limiting  radius  of 
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clearance  may  bar*  shear  vires  holding  the  striker 
pin  partially  but  sot  entirely  cut.  Such  mines  are  not 
fired  bnt  are  left  in  t  mote  sensitive  condition  than 
before  the  attempted  clearance. 

Numerous  mechanical  devices  hare  been  developed 
for  clearing  paths  through  mbs  fields.  Most  of  these 
simply  apply  a  heavy  load  to  the  ground  and  cause 
the  mines  to  function  normally.  Many  of  these  devices 
are  quite  effective,  bnt  have  the  disadvantage  of  being 
vulnorable  to  damage  by  explosion  of  large  mines. 

laaa  Transportation  Targets 

The  object  of  attacks  on  a  transportation  system 
is  to  paralyzo  tho  system.  This  may  be  accomplished 
by  destroying  or  damaging  terminals,  carriers,  trans¬ 
portation  lines,  or  fuel  supplies,  and  may  be  furthered 
by  damaging  construction  and  repair  facilities  and 
by  attacks  on  plants  manufacturing  the  carriers.  Ex¬ 
perience  has  shown  that  transportation  cannot  be 
permanently  stopped.  The  best  that  can  be  achieved  is 
temporary  stoppage,  end  "tudieB  of  each  individual 
objective  will  show  whether  the  most  efficient  method 
is  to  cause  many  short  delays  by  light  attacks  at  fre¬ 
quent  intervals  or  to  cause  long  delayc  by  very  heavy 
attacks  that  do  not  require  frequent  repetition. 

Hail  and  Hiohway  Tkanspobtatiox 

Hail  and  highway  transportation  can  bo  affected  by 
attacking  the  termiual  facilities,  the  carriers,  or  the 
roadway.  The  selection  of  the  most  important  of  these 
requires  a  detailed  knowledge  of  the  transportation 
system,  its  uses,  and  tho  repair  and  replacement  facil¬ 
ities  available.  The  carriers  and  roadway  are  usually 
more  easily  damaged  than  tha  terminal  facilities.  Cut¬ 
ting  highways  or  roil  lines  is  a  quick  motkod  of  stop¬ 
ping  the  flow  of  men  and  supplies,  but,  except  for 
largo  bridges  or  tunnols,  repairs  or  bypasses  can  be 
mndo  quickly.  Destruction  of  railway  cars  and  loco¬ 
motives  or  vehicles  u«ed  in  highway  transportation 
does  not  cause  such  immediate  results  as  line  cutting, 
but  if  coordinated  with  attacks  on  manufacturing  and 
Tcpair  facilities  such  attacks  can  have  a  lasting  effect 
on  transportation. 

Hail  Lines  —  Highways .  Traffic  may  bo  temporarily 
stopped  by  direct  damage  to  a  rail  line1  or  roadway, 
and  even  though  such  blocks  are  quickly  repaired  tho 
right  of  way  is  so  easily  damaged  that  this  method 
of  stoppage  is  iuipovtuut  for  tactical  use  (sec  Weapon 
Data  Sheet  8F2  of  Chapter  19).  Bailway  lines  and 
highways  are  on  tha  ground,  and  tho  obvious  mecha¬ 
nism  of  damage  is  underground  explosion. 


Highways  can  be  blocked  by  cratering.  It  was  shown 
in  Section  16.S.3  that  for  area  covered  by  cratering, 
small  bombs  are  more  efficient  on  a  weight  basis  then 
ere  large  bomba.  The  bombs  used  must  be  large 
enough  to  form  a  crater  across  the  full  width  of  the 
roadway,  and  the  block  will  not  be  successful  unless 
made  in  a  location  where  detours  are  difficult  The 
cratering  of  roadways  on  good  level  ground  allowing 
short  easy  detours  has  nuisance  value  only. 

Bail  lines  can  be  damaged  by  underground  explo¬ 
sion.  It  is  not  clear  whether  tho  most  useful  damage 
is  due  to  cratering  or  to  displacement  of  the  tracks, 
but  since  the  bomb  and  fuze  selection  for  both  mecha¬ 
nisms  is  the  same  no  choice  between  the  two  is  neces¬ 
sary.  The  radii  of  damage  for  severe!  QP  bomba  acting 
on  railway  track  by  underground  explosion  are  given 
in  Weapon  Data  Sheet  6F2,  and  may  be  used  to  esti¬ 
mate  force  requirements  for  a  particular  target  Even 
though  small  bomba  cause  more  area  cratered  per 
pound  than  do  large  bombs,  it  is  usually  possible  to 
make  repairs  on  several  craters  simultaneously;  thus 
one  large  crater  may  require  more  hours  (but  less 
man-hours)  to  repair  than  several  email  onee.  If  a 
tine  is  cut  in  three  or  more  placet  and  tho  craters  are 
large  enough  to  require  heavy  equipment  for  efficient 
Tepair,  it  is  necessary  that  some  of  the  damage  be 
repaired  before  equipment  can  be  brought  up  to  the 
others. 

Lines  of  more  than  two  tracks  are  seldom  completely 
blocked  by  ono  bomb  hit,  and  even  in  cases  whore  all 
tines  havo  been  blocked,  at  least  one  track  can  be  open 
to  traffic  in  e  very  short  time.  For  this  reason,  bomb¬ 
ing  of  rail  yards  is  a  poor  method  of  stopping  through 
traffic. 

Long-delay  fuzes  are  not  advisable  since  cutting 
of  rail  lines  is  usually  a  short  term  tactical  maneuver 
and  the  full  force  of  the  attack  is  needed  at  once  to 
stop  the  flow  of  traffic.  Delay  fuzeo  of  Mi  to  lVa  hours 
may  bo  used  for  nuisance  value,  but  longer  delays  have 
uc  marked  advantage.  For  tactical  operations  the 
eno’.ay  would  continue  to  operate  over  bombs  with 
long-delay  fuzes. 

Bridges.  The  most  vulnerable  points  of  a  railway 
or  highway  system  are  the  bottlenecks  formed  by 
bridges'  or  tunnels  (see  Weapon  Data  Sheet  6FJ  of 
Chapter  19).  Bridges  are  generally  tho  more  unmerous 
and  more  easily  damaged  of  the  two.  Low-icvol  attacks 
may  bo  mado  against  tbo  piers  or  abutments  of  bridges, 
using  largo  QP  bombs  with  long-delay  fuzing  to  allow 
the  attacking  aircraft  to  escai'e  before  the  explosion. 
Attacks  from  high  altitudes  may  be  made  agninst  the 
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bridge  superstructure,  using  large  QP  boob*  with 
very  abort  fuse  delayt.  Diract  L<t>  on  the  superstroc- 
tare  an  then  neceesaxy. 

Bridge  abutments  may  be  damaged  by  earth  shock 
doe  to  underground  explosion  behind  the  abutment 
valla.  The  radiua  of  damage  for  various  bomba  can  be 
determined  by  use  of  Weapon  Data  Sheet  4A5*  of 
Chapter  19.  The  bomb  mast  perforate  the  abutment 
and  explode  behind,  or  penetrate  the  soil  bel  ind  the 
abutment  and  then  explode.  Bridge  piers  may  be  dam* 
aged  or  moved,  causing  the  bridge  to  collapse,  by  a 
crater  undermining  the  pier  or  by  displacement  of  the 
pier.  Such  effects  are  very  difficult  to  achieve  against 
piers  anchored  to  bed  rode.  Both  piers  and  abutments 
are  small  targets,  requiring  high  accuracy  tor  success¬ 
ful  bombing  attack.  Such  accuracy  is  usually  obtain¬ 
able  only  from  minimum  altitudes  and  so  can  be  used 
only  if  defenses  ore  light  Large  OP  bomba  (SAP 
bombs  for  perforation  of  heavy  abutments)  must  be 
used. 

Bridge  superstructures  must  be  attacked  by  bomba 
fuzed  instantaneously  or  short  delay,  so  attack  must 
be  made  from  medium  or  high  altitude  for  safety  of 
the  aircraft  Precision  bombing  ia  necessary  to  obtain 
direct  hits,  and  guide  i  missiles  may  be  used  to  advan¬ 
tage.  Through-type  bridges,  having  most  of  the  super¬ 
structure  above  the  roadway,  require  instantaneous 
or  nondelsy  fuzing  to  damage  fhe  bridge  frame.  Dock- 
type  bridges,  having  most  of  ths  superstructure  be¬ 
low  the  roadway,  require  a  short  fuze  delay  of  about 
0.01  sec  for  detonation  of  the  bomb  in  the  structure. 

Weapon  Data  Sheet  6F3  of  Chapter  19  gives  bomb 
and  fuze  recommendations  for  attacking  a  number  of 
typical  bridge  types.  This  u  baaed  on  analysis  of  more 
then  150  incidents  of  bomb  damage  to  bridges  in  all 
theaters  of  operation  of  World  War  II.  It  will  bo  noted 
that  for  minimum  altitude  attack  on  piers  and  abut¬ 
ments  the  recommendation  assumes  that  a  fighter 
bomber  will  be  used  and  specifies  that  the  largest 
bomb  the  aircraft  can  carry  be  loaded;  tor  *uch  an 
attack  this  is  obviously  the  most  efficient  piano  load. 
For  medium-  or  high-altitudo  attack  on  bridge  super¬ 
structures,  the  recommendation  is  generally  the  1,000- 
lb  OP  bomb  for  single-track  bridges  and  the  2,000-lb 
QP  bomb  for  double-track  bridge*.  At  the  time  this 
Weapon  Data  8heet  wa*  prepared,  tho  2,000-lb  GP 
bomb  was  tho  largest  available,  having  a  case  that 
could  withstand  impact  <  a  a  bridge.  The  12,000-  and 
23,000-lb  bombs  have  bum  used  successfully  against 
very  large  viaducts,  but  unless  the  targets  arc  extreme¬ 
ly  wide  and  heavily  built  these  bomba  are  excessively 


large.  Tho  4, OOO-lb  QP  bomb  has  not  been  used  in 
combat  for  attack  of  bridges,  bat  should  prove  to  be 
a  useful  weapon  for  damaging  heavy  pier*  or  abut¬ 
ments  or  for  high-altitude  attack  on  the  supentrno* 
torts  of  bridges  more  than  1C  ft  vide. 

Tunnels,  Tunnels*  are  bottlenecks  in  transportation 
systems  second  only  to  bridges  in  ixnportauca  for  atr 
tack  (see  Weapon  Data  Sheet  «F4  of  Chapter  19). 
The  blockage  of  tunnels  may  be  more  difficult  to  repair 
than  damage  to  bridges,  but  the  targets  are  usually 
less  vulnerable.  Tunnels  may  be  blocked  by  collapsing 
the  aide  walls  by  underground  explosion  in  the  soil 
near  the  tunnel  lining;  expkiona  inside  the  tunnel 
itself  cause  comparatively  little  damage.  Weapon  Data 
Sheet  6F4  gives  the  distance  from  the  tun¬ 

nel  lining  at  which  a  bomb  causes  sufficient  damage 
to  block  passage.  The  bomb  must  penetrate  through 
soil  or  rock  and  then  explode  near  the  tunnel,  so  QP 
or  SAP  bombs  must  bo  used,  the  SAP.  bom  os  being 
required  for  soft  rock.  If  the  tunnel  is  so  deep  that 
bombs  cannot  penetrate  to  within  the  lethal  distance, 
such  attacks  arc  useless. 

Tunnels  may  also  be  blocked  by  taking  advantage 
of  the  steep  slopes  usually  present  at  the  portals  and 
causing  slides  of  these,  slopes.  Such  tunnel  blocks  are 
sometimes  easy  to  repair.  If  the  retaining  walls  around 
the  portal  are  collapsed,  tLe  slide  may  be  of  such  mag¬ 
nitude  that  reopening  of  the  tunnel  will  be  difficult 

Landslides.  If  conditions  are  favorable,  landslides1* 
may  be  caused  in  road  cuts  or  on  roads  along  mountain 
rides.  Such  slides  are  possible  only  if  tho  soil  ia  in  a 
nearly  unstable  condition,  as  after  a  long  rainy  apell, 
but  may  make  very  successful  road  blocks  requiring 
a  long  time  for  repair.  The  selection  of  slopes  vulner¬ 
able  to  bombing  is  a  special  problem  requiring  a  thor¬ 
ough  knowledge  of  soil  stability,  and  detailed  refer¬ 
ence*  should  be  consulted. 

Blocking  of  Right  of  Wag,  Attempts  have  been 
made  to  block  rail  lines  and  highways  by  bombing 
of  buildings  close  to  the  right  of  way,  and  in  some 
cases  large  areas  of  important  coil  centers  have  re¬ 
ceived  very  heavy  bombing.  Suck  methods  were  gen¬ 
erally  unsuccessful  because  there  are  usually  rail  and 
highway  bypnaaos  around  large  ciUes,  and  the  bomb¬ 
ing  effort  required  to  blc  :k  all  alternate  routes  was 
so  large  as  to  be  inefficient  and  impracticable. 

Carriers,  Railway  and  highway  transportation  can 
be  reduced  by  destruction  or  damage  of  ths  carriers.* 
This  is  not  very  efficient  in  the  case  of  highway  trans¬ 
portation  because  of  the  \rge  numbers  of  relatively 
small  vehicles,  usually  dispersed  because  of,  variation* 
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ia  traffic  requirements.  Railway  transportation  can  be 
seriously  harmed  by  damage  or  destruction  of  freight 
can  and  loco  metres,  the  locomotives  usually  being 
more  critical  (as  well  as  more  difficult  to  damage).  A 
knowledge  of  the  relative  availability  of  freight  cart 
and  locomotives  is  necesssry  to  determine  which  will 
be  the  more  profitable  target. 

Strafing  and  rocket  attack  are  both  effective  oa 
locomotives,  especially  if  they  are  hit  while  in  opera¬ 
tion  so  that  secondary  damage  from  &n  exploding 
boiler  will  occur.  Hits  with  rockets  are  more  effective 
but  also  more  difficult  to  attain^  and  of  the  two  meth¬ 
ods  strafing  is  probably  preferable  with  present  accu¬ 
racies.  Strafing  and  rocket  attack  are  of  little  or  no 
value  against  other  forms  of  rolling  stock. 

Locomotives  and  freight  cars  can  be  destroyed  or 
damaged  by  bombing,  and  such  attacks  are  usually 
more  efficient  when  directed  against  the  high  concen¬ 
trations  of  rolling  stock  common  in  freight  yards. 

Freight  Yards.  Freight  yards"  are  a  very  good  tar- 
got  if  the  objective  is  damago  of  rolling  stock.  Freight 
cars  can  be  damaged  by  blast,  fragments,  undermining 
by  cratering,  or  by  fire.  Data  to  show  which  of  these 
mechanisms  la  the  most  efficient  are  not  available;  and 
one  must  rely  on  analysis  of  attacks.  Such  an  analysis 
shows  that  instantaneous  fuzing  ia  probably  best,  in¬ 
dicating  that  blast  or  fragmentation  is  the  damage 
mechanism  to  be  preferred.  Fuze  delays  of  0.01  see, 
however,  are  almost  os  effective  aa  the  instantaneous 
fuzing  and  probably  cause  damago  by  debris  and  by  un¬ 
dermining  of  cars.  If  damage  to  tracks  in  the  freight 
yards  is  desirable,  the  0.01-sec  delay  fuzing  will  serve 
the  double  purpose  of  damaging  freight  cars  and 
tracks.  Tho  1,000-  and  oOO-lb  GP  bombs  are  both 
effective;  the  smaller  bombs  do  not  cause  severe 
enough  damage.  The  500-lb  OP  bomb  is  about  25 


0.01  sec  and  for  attack  on  European-style  wordaa  bos 
cars.  Both  bombs  are  effective  against  the  shops,  con¬ 
trols,  and  signal  equipment,  and  warehouses  usually 
found  near  freight  yards. 

Studies  of  a  number  of  bombing  attache  on  freight 
yards  in  Italy  ohow  that  with  500-lb  QP  bomba  fuzed 
0.01-sec  delay,  a  bombing  density  of  1.J  to  i.O  tecs 
per  acre  in  the  target  area  ia  sufficient  to  disrupt  a 
freight  yard  completely.  Obviously,  transportation 
facil..ies  which  arc  expected  to  be  captured  later 
should  not  be  over-destroyed. 

Repair  Facilities.  Attacks  on  railway  and  highway 
systems  should  be  followed  up  by  attacks  on  the  facil¬ 
ities  used  for  repair  of  locomotives,  freight  curt,  and 
other  equipment  The  repair  chop*  are  similar  to 
machine  shops  or  factories  using  heavy  equipment, 
and  should  be  attacked  by  the  same  methods.  Attacks 
on  heavy  industrial  plants  are  discussed  in  Section 
16.9.3  below. 

Fuel  Supplies.  All  types  of  transportation  require 
fuel  for  operation,  and  damago  or  destruction  of  them 
supplies  can  have  an  important  effect  on  movement 
of  materials. 

Are  Tjunspoktatioh 

The  volume  of  material  carried  by  air  transporta¬ 
tion  is  usually  much  smaller  than  that  handled  by 
other  methods,  but  the  materials  carried  ore  frequently 
critical.  The  attack  of  aircraft  in  flight  is  difficult, 
and  there  is  no  roadway  to  attack,  so  that  efforts  must 
be  concentrated  nr.  airport,  fuel  supply,  and  manu¬ 
facture  of  aircraft 

At  an  aii-port,  attacks  on  rui  ways,  grounded  air¬ 
craft,  repair  shops,  and  fuel  stoiago  are  all  effective. 
There  targets  are  frequently  dose  together,  but  tine* 
the  damage  mechanisms  for  the  various  targets  an, 


per  cent  more  efficient  than  the  1,000-lb  GP  against  different  they  cannot  all  be  attacked  efficiently  by  the 
freight  cars,  and  the  1,000-lb  GP  is  slightly  more  same  weapon.  Grounded  aircraft  are  attacked  moat 
efficient  than  tho  5C0-lb  GP  in  damaging  locomotives,  efficiently  by  fragmentation  bombs  which  hava  no  effect 
Radii  for  different  categories  of  damage  to  loco-  on  runways,  while  runways  and  landing  areas  are  most 

motive*  are  given  in  Y/eapon  Data  Sheet  6F2  of  efficiently  attacked  by  cratering  bomba  which  hnv# 

Chapter  19.  The  MAE  can  be  determined  by  taking  comparatively  small  radii  of  damage  to  grounded 
the  area  of  a  baud,  having  the  radius  of  damage  as  a  aircraft. 

width,  drawn  around  the  locomotive,  adding  the  plan  Strategic  bombing  with  the  stoppage  of  aircraft 
area  of  the  locomotive,  and  dividing  this  total  area  transportation  as  an  objective  can  ba  directed  at  air- 
by  the  bomb  weight.  Conecqucntly,  tho  MAE  depends  craft  production.  Fuel  production  and  storage  are  also 
upon  the  size  of  the  locomotive.  important  targets.  Tho  tactical  attack  cf  on  airfield, 

Analysis  of  data  on  the  effects  of  bomb3  on  freight  with  temporary  neutralization  as  an  objective,  can  b* 
cars  has  led  to  an  MAE  value  of  0.29  acre  per  ten  accomplished  by  first  cratering  the  runwars  nnd  then 

for  tho  500-lb  QP  bomb  and  0.23  acre  per  ton  for  strafing  or  using  fragmentation  bombs  to  destroy  th* 

the  1,000-lb  GP  bomb,  both  being  for  fuze  delays  of  grounded  aircraft 
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Runways  and  Landing  Grounds,  The  obvious  mech¬ 
anism  of  damage  to  be  used  in  attacking  runways  and 
landing  grounds’*  of  airports  is  catering  by  under¬ 
ground  explosion  (see  Weapon  Data  Sheet  6F1  of 
Chapter  19).  General-purpose  bombs  should  be  used 
to  ensure  penetration  into  the  soil  without  case  failure, 
and  f"xa  delays  of  at  least  0.01  see  or  moie  for  the 
100-  to  600-lb  GP  bombs,  or  0.026  sec  or  more  for  the 
1,000-  to  4,000-lb  GP  bombs  should  be  used  to  allow 
enough  penetration  for  efficient  cratering.  Since  most 
airports  are  built  on  a  base  of  well-compacted  soil, 
bombs  will  not  penetrate  too  far  for  effective  cratering 
even  with  very  long  fuze  delays. 

In  planning  a  cratering  attack,  one  must  decide 
whether  the  objective  is  maximum  area  of  craters, 
maximum  volume  of  craters,  or  maximum  number 
of  craters.  A  statistical  study  of  actual  attacks  on 
runways  200  to  300  ft  in  width  shows  that  an  aver¬ 
age  of  8  craters  per  1,000  ft  of  length  usually  leaves 
the  runway  temporarily  inoperative  for  fighter  planes, 
while  an  average  of  6  or  less  craters  per  1,000  ft  of 
runway  length  usually  leaves  the  strip  serviceable. 
More  than  8  craters  per  1,000  ft  are  needed  for  wider 
runways.  The  same  study  shows  that  for  temporary 
unserviceability  the  number  of  craters  rather  than 
the  area  or  volume  cratered  is  tbo  controlling  factor. 
This  means  that  as  long  ss  the  bomb  selected  is  large 
enough  to  form  e  damaging  crater  in  ah  airport  run¬ 
way,  the  most  efficient  weapon  for  temporary  tactical 
damage  to  runways  io  that  bomb  that  can  bo  loaded 
on  aircraft  in  the  largest  numbers.  All  GP  bombs, 
from  the  100-lb  to  the  largest  sizes,  cause  craters  large 
enough  to  damage  runways,  and  any  of  them  can  be 
used  with  the  delay  fuzing  recommended  above.  For 
runways  paved  with  concrete  more  than  9  in.  thick, 
the  260-  or  600-lb  GP  bombs  are  the  smallest  that 
can  be  used  for  perforation  of  the  paving  without 
damage  to  the  bomb  case. 

If  the  runways  sre  to  be  mado  inoperative  for  more 
than  a  few  hours,  the  number  of  craters  is  not  the 
only  criterion  for  successful  attack,  although  in  any 
case  at  least  8  hita  por  1,000  ft  of  runway  length 
(more  for  runways  wider  than  300  feet)  are  needed 
for  unserviceability.  Tho  repair  facilities  available  to 
the  enemy  must  be  considered.  The  use  of  small  bombs 
results  in  a  larger  area  cratered  per  pound  of  bomb 
than  is  caused  by  large  bomba,  and  all  GP  bombs 
causo  about  the  same  crater  volume  per  pound. 
Many  small  craters  can  bo  repaired  simultaneously 
by  several  crews  of  men,  and  the  small  craters  can 
usually  be  repaired  without  the  heavy  equipment 


needed  for  efficient  repair  of  Urge  crater*.  A  cook 
promise  must  be  mads  between  the  deeire  for  a  large 
number  of  craters  to  ensure  immediate  inoperability 
and  the  desire  for  large  craters  (requiring  more  air¬ 
craft  to  carry  the  required  number  of  large  bombe) 
needed  for  long  repair  times.  Whatever  the  weapon 
selection,  the  best  that  can  be  done  Is  to  make  the 
runways  unusable  for  the  short  time  needed  to  re¬ 
pair  craters.  • 

Grounded  Aircraft.  Bombing  and  strafing  attack 
on  grounded  aircraft4  was  considered  in  Section 
18.9.1.  Fragments  provide  the  bejt  mechanism  of 
damage,  and  the  most  efficient  present  bomb  is  the 
20-1^  fragmentation  bomb,  fuzed  for  instantaneous 
action.  For  aircraft  protected  by  revetments,  bombs 
using  air-burst  fuzes  are  more  efficient.  However,  air- 
burst  fuzes  are  adapted  for  use  only  in  large  bombs, 
and  small  fragmentation  bombs  have  efficiency  com¬ 
parable  to  that  of  larger  bombs  using  air-burst  fuzing. 

Buildings  —  Repair  Facilities.  Damage  to  runways 
and  landing  grounds  is  always  of  a  temporary  nature, 
and  damage  or  destruction  of  grounded  aircraft  is 
only  effective  until  the  enemy  can  bring  in  new  pianos. 
Both  of  these  attacks  are  therefore  of  tactical  value 
in  that  they  make  an  airfield  temporarily  ineffective, 
but  do  not  have  appreciable  long-term  strategic  value. 
More  permanent  damage  to  an  airport  can  bo  caused 
by  attacks  on  the  buildings,  repair  facilities,  and 
stores.  Such  installations  are  best  attacked  by  the 
methods  used  for  industrial  buildings  and  warehouses, 
discussed  in  Section  16.9.3. 

Wateb  Tbanspobtatioh  . 

Water  transportation  can  be  affected  by  attacking 
the  terminal  facilities  and  tho  carriers.  Air  attacks  on 
such  objectives  do  not  always  yield  large  dividends 
for  tho  force  used  because  ships  are  small  moving  tar¬ 
gets  difficult  to  hit,  and  docks  and  harbors  are  of  such 
heavy  construction  that  substantial  forces  carrying 
largo  bombs  are  necessary  to  causo  appreciable  dam¬ 
age.  However,  the  importance  of  water  transportation 
makes  it  an  important  strategic  target  Ships  may  bo 
attacked  by  gunfire,  rockets,  and  torpedoes,  and  the 
usefulness  of  harbors,  channels,  or  even  larger  areas 
may  be  very  seriously  affected  by  mining. 

Deck  and  Harbor  Facilities.  Dock  and  harbor  in¬ 
stallations  aro  usually  so  heavy  that  they  are  vulner¬ 
able  only  to  direct  hits  or  very  near  misses  by  huge 
bombs.  Warehouses  and  other  buildings  near  docks 
can  be  damaged  by  the  methods  used  for  other  indus¬ 
trial  buildings,  and  if  a  large  firo  can  be  started  great 


CONFIDENTIAL' 


328 


TARGET  ANALYSIS  AND  WEAPON  SELECTION 


damage  can  remit.  Mining  of  harbor  entrances  is 
difficult  but  effective 

Docks  are  vulnerable  to  damage  by  underwater  or 
underground  explosion;  the  latter  is  undoubtedly  the 
more  efficient  Large  OP  bomba  with  delay  fuzing 
should  be  used.  The  radius  of  damage  to  d«vtk«  de¬ 
pends  upon  their  size  and  type  of  construction  and 
each  important  target  should  be  studied  carefully  by 
someone  familiar  with  its  construction  and  with  the 
effectiveness  of  bomba  If  ships  are  at  the  docks  at  the 
time  of  the  sttaclc,  they  are  an  additional  target  vul¬ 
nerable  to  the  weapons  used  against  the  harbor  instal¬ 
lations,  and  if  sunk  in  the  harhor  they  may  form  effec¬ 
tive  blocks  to  movement  of  other  vessels  or  to  use  of 
facilities. 

Ships.  Ships’*  can  be  sunk  or  severely  damaged  by 
bomba,  torpedoes,  mines,  and  by  gunfire  or  rockets. 
The  most  effective  methods  of  attack  from  the  air  are 
bombing  and  torpedoes  launched  from  aircraft;  oper¬ 
ational  conditions  frequently  determine  which  method 
is  to  be  used.  Unless  the  target  is  known  before  weap¬ 
ons  are  loaded  on  a  plane,  weapon  selection  for  the 
attack  of  ships  is  at  best  a  qualified  guest. 

Ships  are  small  moving  targota  difficult  to  hit  from 
the  air  except  by  minimum  altitudo  or  dive  bombing, 
and  these  methods  may  result  in  great  losses  if  used 
against  heavily  gunned  vessels.  Unarmorcd  merchant 
vessels  are  vulnerable  to  direct  hits  or  very  near  misaea 
by  GP  bombs  fuzed  for  detonation  inside  of  tho  ship, 
explosion  belt  v  the  water  line  and  above  the  keel  line 
being  the  most  effective.  Discriminating  fuzoa  that 
function  with  a  short  delay  if  the  bomb  hits  the  ship 
but  will  not  function  on -water  impact  may  be  used 
with  hydrostatic  fuzes  so  that  near  misses  may  dam¬ 
age  the  elup  by  underwater  explosion.  The  vulnerable 
area  for  damage  or  sinking  by  one  or  more  direct  hits 
is  tho  area  of  tho  ship  as  seen  from  the  bomber ;  using 
the  combination  of  discriminating  fuze  and  hydro¬ 
static  fuze  gives  the  added  possibility  of  damage  by 
near  misses  and  the  vulnerable  area  is  increased  by  a 
band  of  small  width,  drawn  around  the  ship.  No  ac¬ 
curate  information  on  the  width  of  this  band,  or  near- 
miss  distance,  is  available.  To  cauBo  optimum  damage 
by  underwater  explosion  a  bomb  must  detonate  far 
enough  below  tho  surface  so  that  the  force  of  the  ex¬ 
plosion  will  not  bo  wasted  in  the  air  above.  The  mini¬ 
mum  deptlia  for  formation  of  bubbles  by  underwater 
explosion,  given  in  Weapon  Data  Sheot  3C2  of  Chap¬ 
ter  19,  aro  satisfactory. 

Most  worships  and  large  merchant  ships  are  di¬ 
vided  into  compartment*,  «w*d  several  coYn  par  truant* 


must  be  flooded  to  cause  sinking.  In  general,  this  re¬ 
quires  several  hits  at  different  points. 

Division  2  has  not  made  s  study  of  the  vulnerability 
of  ships  to  bombing  attack.  A  very  good  study,  based 
on  a  careful  analysis  of  the  vulnerability  of  the  various 
typo*  of  »b; pa  and  the  probability  of  obtaining  multi¬ 
ple  hits  that  will  cause  flooding  of  several  compart¬ 
ments,  has  been  made  by  the  Navy.** 

1S-SJ  Industrial  Targets 

Each  type  of  industrial  target  requires  special  study 
so  that  bombing  efforts  msy  he  directed  toward  de¬ 
struction  of  tho  most  critical  and  most  vulnerable  com¬ 
ponents.  Compromises  are  frequently  necessary.  For 
example,  the  air  compressors  of  a  steel  mill  are  very 
critical,  for  if  the  flow  of  air  to  the  blast  furnaces  is 
stopped  the  furnaces  may  freeze  and  be  damaged  be¬ 
yond  repair.  These  compressors  are  a  small  target,  dif¬ 
ficult  to  hit,  and  are  of  such  heavy  construction  that 
a  direct  hit  by  a  very  large  bomb  is  necessary  to  cause 
serious  damage.  Thus  the  air  compressors,  while  very 
critics),  aro  s  relatively  poor  target  and  more  loss  u. 
steel  production  per  Bortie  can  bo  caused  by  damage 
to  other  parts  of  tho  Bteel  mill. 

Faotouy  Buildings  and  Machinkbt 
Factory  buildings"  con  be  damaged  by  externa) 
blast,  confined  blast,  displacement  or  undermining  of 
the  structure  by  underground  explosion,  and  by  fire 
(see  Weapon  Data  Sheets  CB1,  CB2,  and  Incident 
Summaries  of  Chapter  19).  Machinery  and  materials 
in  the  buildings  can  be  damaged  by  falling  debris  or 
by  collapse  of  parts  of  the  builc.bg,  by  displacement 
due  to  blast  or  earth  shock,  by  fragments,  or  by  fire. 
The  area  damaged  by  underground  explosion  is  gen¬ 
erally  smaller  than  the  area  damaged  by  air.  blast  from 
tho  same  bomb,  and  air  blast  is  accompanied  by  frag¬ 
ments  capable  of  damaging  machinery.  The  most 
promising  damage  mechanisms  for  factory  buildings 
and  machinery  aro  air  blast  and  lire.  Fire  should  be 
chosen  as  tho  damage  mechanism  v/hcu  attacking  com¬ 
bustible  buildings  or  buildings  with  combustible  con¬ 
tents;  under  all  othor  conditions  HK  bomba  should  be 
used  for  blest  effect  on  the  structure  and  fragmenta¬ 
tion  and  debris  damage  to  machinery. 

In  causing  damage  by  blast  it  is  necessary  to  decide 
whether  internal  or  external  blast  is  better,  since  dif¬ 
ferent  fuzings  must  be  used.  Each  has  certain  advan¬ 
tages  and  disadvantages.  Internal  blast,  being  some¬ 
what  confined,  is  more  destructive  to  a  structure  than 
i*  on  equal  external  blast  (cce  Section  15.2.1  of  Chap- 
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Ur  15),  However,  oa  account  of  that  confinement,  its 
effect  on  a  neerbj  itructnre  ii  reduced.  For  thii  reason, 

•  bomb  larger  than  needed  to  damage  one  structure  ia 
inefficient  if  used  for  internal  blast  Bombs  must  have 
coses  heavy  enough  to  perforate  roofs  without  failure ; 
this  means  that  about  half  of  the  weight  of  a  bomb 
will  be  wasted  so  far  as  explosive  power  is  concerned. 
However,  the  fragments  from  the  case  will  be  effective 
damaging  agents  against  the  contents  of  most  facto* 
riee.  The  delay  faxing  required  for  internal  exploeion 
meant  that  near  misses  will  orator  and  will  be  rela¬ 
tively  ineffective  in  regard  tc  both  fragments  and 
[  blast 

When  external  blest  damage  ia  desired,  LG  bombs 
with  instantaneous  or  air-burst  fusing  are  used.  These 
give  very  small  fragments  and  since  bombs  detonita 
outside  of  structure!  the  damage  to  contents  from 
|  fragments  is  small.  Small  bombs  that  make  hits  on 

|  structures,  being  unoonflned  end  detonating  at  roof 

level,  generally  do  much  less  damage  per  pound  of  ex- 
I  plosive  than  those  that  penetrate  before  exploding. 

!  For  external  blast,  efficiency  of  bombs  increases  with 

suso  throughout  the  range  of  HB  sizes  that  are  now  in 
'  use  (up  to  about  8,000  lb  of  explosive). 

!  The  choice  between  internal  and  external  blast  must 

be  made  after  consideration  of  all  the  factors  involved, 

[  particularly  the  amount  and  kind  of  contents,  and 
their  vulnerability  to  fragments,  the  size  and  strength 
j  of  buildings  and  their  eoparation.  Analysis  of  attacks 

'  on  Japanose  industrial  targets  indicates  that  the  use 

I  of  large  LG  bombs  for  external  blast  is  more  efficient 

than  600-lb  GP  bombs  detonated  iusida  the  structure, 

|  This  increase  in  effectiveness  should  be  even  more 
|  marked  if  air  burst  were  ueed  for  tho  large  bombs, 
j  BomHa  fuzed  with  slight  delay  for  internal  bloat  ef- 

i  feet  will  cause  damage  from  vory  near  misses,  within 

I  the  so-called  near-miss  distance,  in  about  one  out  of 

ten  cases.  For  the  600-,  1,000-,  and  2,000-lb  GP  bombs 
against  normal  light  factory  construction  tho  n*ar- 
misa  distances  are  respectively  15,  20,  snd  35  ft.  For 
■  large  LC  bombs  fuzed  instantaneously  or  for  air  burst 
the  effective  distance  (near-rains  dietance  would  be  a 
misnomer  here)  is  much  greater,  being  about  80  ft 
for  tho  4,000-lb  LC  bomb  with  instantanccuo  fuzing. 
The  effect  of  a  particular  bomb  on  a  particular  size 
snd  type  of  'structure  can  be  expressed  in  terms  of  the 
MAE  (Section  16.4.1) ;  the  optimum  size  of  bomb  for 
causing  structural  damage  can  be  determined  by  com¬ 
paring  MAE’s.  However,  it  must  be  remembered  that 
damage  to  contents  may  be  more  important  than 
structural  damage,  and  generally  requires  fragment¬ 


ing  bombs  exploding  internally  except  where  struc¬ 
tural  debris  can  damage  contents,  a  heavy  Tool 
In  general,  it  is  concluded  that  for  small  HE  weap¬ 
ons  ( <  2,000  lb)  confined  blast  due  to  bomba  explod¬ 
ing  inside  building*  ia  the  most  effective  damage 
mechanism.  This  requires  that  the  bombs  be  capable 
of  perforating  the  root  without  damage,  so  GP  bomba 
must  be  used.  Fusing  most  be  of  sufficient  delay  to 
etnas  detonation  below  the  root  snd  shove  the  door 
level,  and  thus  depends  on  the  height  of  the  building. 
Nondelay  fusing  causes  detonation  just  below  the  roof 
and  ia  best  for  targets  whose  construction  is  such  that 
a  major  cpUapse  of  the  roof  can  result.  A  fuse  delay 
of  0.01  sec  cause*  detonation  8  to  10  ft  bdov  the  roof 
and  ia  the  best  choice  for  most  structures.  A  fuze  de¬ 
lay  of  0.025  sec  causes  detonation  20  to  25  ft  below 
the  roof  and  is  effective  for  buildings  having  roof 
heights  of  40  ft  or  more  with  machinery  vulnerable  to 
fragments  near  floor  level,  and  should  also  be  used  for 
multistory  building*.  The  SAP  bombs  are  necessary 
for  attacks  against  buildings  having  unusually  heavy 
roof  construction.  (See  Data  Sheot  2Cla  of  Chapter 
19.) 

Weapon  Data  Sheet  6Bi  *>f  Chapter  19  has  a  table 
of  MAE’g  for  several  bombs  against  industrial  build¬ 
ing*.  Value*  given  for  the  500-lb  GP  bomb  are  deter¬ 
mined  by  analysis  cf  a  large  quantity  of  data,  and  val- 
uea  of  the  4,000-lb  LC  bomb  are  also  based  on  analysis. 
The  values  given  for  the  1 ,000-lb  and  2,000-lb  GP  bomb 
are  estimated  from. the  MAE  for  the  600-lb  GP  bomb 
on  tho  assumption  that  the  hiAE  is  proportional  to 
the  weight  of  explosive  charge  in  the  bomb,  which  has 
been  shown  by  experience  to  ho  approximately  correct. 
Analysis  of  recent  data  indicates  that  the  larger  bomba 
are  proportionately  ■  little  more  efficient  than  the  600- 
ib  bomb,  bo  that  the  MAE  values  for  tbe  1,000-  and 
2,Q00-lb  GP  bombs,  given  in  Weapon  Data  Sheet  6B1, 
should  be  increased  by  a  few  per  cent.  Furthermore, 
the  greater  ccar-miss  areas  for  larger  bombs  indicate 
an  additional  superiority,  since  the  probability  of  an 
effective  hit  is  greater. 

Light  machinery  within  a  building  may  be  damaged 
by  falling  debris  if  part  of  the  building  collapses,  and 
most  machinery  will  be  damaged  by  fragments  from 
GP  liombs  exploding  inside  of  the  building,  although 
effective  and  simple  protection  has  been  obtained  by 
concrete  walls  surrounding  each  piece  of  equipment. 
Fragmentation  bombs  aro  not  normally  used  with  de¬ 
lay  fuzing  and  have  comparatively  weak  cases;  hence, 
they  are  not  suitable  for  creating  fragment  damage 
within  a  structure. 
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Very  beery  machinery,  u  found  in  some  industries, 
is  not  (evenly  damaged  by  fragment*  and  doea  not 
suffer  irreparable  damage  from  falling  debris  unless  a 
heavy  structural  member  strikes  part  of  the  mecha¬ 
nism.  Such  heavy  equipment  can  be  made  inoperative 
by  displacement  duo  to  underground  explosion,  but 
this  is  usually  easuy  repaired.  Some  types  of  heavy 
machinery  cannot  be  destroyed  by  HE  bombs  .unless 
direct  hits  an  obtained. 

WanxHOOsss— Stosaox  D spots 

Warehouses  and  other  stores  of  supplies  may  be  at* 
tacked  using  the  weapons  employed  in  attacking  fac¬ 
tory  buildings.  The  structures  are  similar  aid  art  sub¬ 
ject  *o  damage  by  the  same  mechanisms.  As  shown  in 
Section  ie.6.6,  the  combustibility  of  the  contents  of  a 
building  is  a  very  important  item  in  the  starting  of 
fires  by  incendiary  bombs  and  in  the  spread  of  these 
fires.  If  combustible  materials  are  known  to  be  stored, 
incendiary  bombs  are  usually  the  best  choice  except 
for  buildings  haring  roofs  that  are  highly  fire-resistant. 

Eouestio  Construction 

Residential  areas  usually  consist  of  a  large  number 
of  very  small  well-separated  structures.  Although  such 
structures  ere  frequently  combustible,  each  is  a  sepa¬ 
rate  fiic  division  and  fires  will  not  generally  be  spread 
from  one  unit  to  the  next  unleu  a  conflagration  it 
started.  Small  incendiary  bombs  scattered  over  the  en¬ 
tire  areas  are  the  most  effective  weapon.  T lie  structures 
are  usually  so  small  that  for  present  sizes  of  OP  bombs 
near-misa  daraago  ia  comparable  to  or  greater  than 
that  duo  to  direct  hits.  Therefore  the  greatest  damage 
per  ton  of  HE  bombs  •  ill  result  if  large  bombs,  fuzed 
for  air  burst,  are  used.  Tho  most  effective  of  the  pres¬ 
ent  IlE  weapons  is  the  4,000-lb  LC  bomb  with  air- 
burst  fuzing.  If  QP  bombs  smaller  than  the  100-lb 
size  or  LC  bombs  larger  than  the  4,000-lb  size  are 
developed  their  performance  muet  be  evaluated,  that 
of  the  small  OP  bombs  for  direct  hits,  and  of  the 
large  LC  bomba  for  air  burst 

Utilities 

Utilities  such  as  electric  powor,  gas  supply,  water 
aupply,  eowage  'systems,  and  telephone  and  telegraph 
service  are  important  targets  in  strategic  warfare.  At¬ 
tacks  may  be  directed  at  lines  or  at  sources.  The  lines 
are  usually  not  attacked  as  separate  targets  but  are 
damaged  es  pert  of  s  general  attack  on  an  industrial 
target  or  area.  Sources  such  as  electric  power  plants 
and  water  supply  end  purification  systems  are  good 
primary  objective*. 


Underground  Piping.  Underground  piping,  whether 
gas  lines,  water  lines,  sewage  line*,  or  telegraph  lines, 
is  vulnerable  to  damage  by  underground  explosion. 
Weapon  Data  Sheet  6E1  of  Chapter  19  give*  radii  of 
damage  to  cast  iron  and  to  ceramic  piping  as  a  func¬ 
tion  of  the  weight  of  explosive  charge  for  bomb*  ex¬ 
ploding  underground.  Radii  of  damage  to  under¬ 
ground  electric  cables  are  not  given;  these  cables  are 
usually  sheathed  in  lead,  are  quite  flexible,  and  have 
been  found  undamaged  even  inside  bomb  craters. 

Overhead  Wiring.  Overhead  wiring  i«  not  a  satis¬ 
factory  target  for  bombing.  Moat  observed  damage  to 
wiring  can  be  attributed  to  debris  or  fragments. 

Electric  Power  Plante.  Electric  power  plants  art 
usually  either  hydroelectric  or  operated  by  steam  tur¬ 
bines.  In  either  case  the  power  plant  itself  is  attacked 
in  the  same  manner  es  any  other  heavy  industrial 
structure  by  using  largo  GP  bomba  fuzed  with  short 
delay  for  damaging  the  buildings  by  blast  and  the  ma¬ 
chinery  by  debris  and  fragmentation.  Fragmenta  can 
damage  the  windings  in  generators  or  the  motors  of 
turbines,  and  difficult  and  expensive  repairs  are  neces¬ 
sary  if  only  a  few  fragments  enter  one  of  these  ma¬ 
chines.  Hydroelectric  power  plants  can  be  put  out  of 
operation  for  loDg,  periods  by  damaging  or  destroying 
the  dams,  peustneka,  or  controls  for  water  flow.  The 
panstock.1  end  controls  ore  vulnerable  only  to  direct 
hits,  and  most  dams  are  exceedingly  difficult  to  dam- 
ego  even  with  large  and  special  weapons;  equivalent 
loss  in  production  of  electric  power  can  usually  be  ob¬ 
tained  more  easily  by  other  means. 

Transformer  Substations.  Transformers,  switches, 
and  other  equipment  in  substations  are  highly  vulner¬ 
able  to  damsgo  by  heavy  fragments.  A  single  fragment 
can  perforate  tho  cose  of  a  large  transformer,  short- 
circuit  the  windings,  and  cause  the  insulating  oil  to 
leak  out  Tho  entire  transformer  must  be  replaced. 
Fragmentation  bombs  equipped  with  instantaneous 
fuzes  are  the  best  weapon  for  attacking  electric  power 
substations  or  outdoor  transformer  installations  at  an 
electric  power  plant  The  small  9C-lb  fragmentation 
bomb  is  most  efficient  for  attacking  small  and  medium 
sized  transformers;  la.ge  transformers  having  thick 
steel  cases  require  the  heavier  fragments  from  tho  90- 
and  360-lb  fragmentation  bombs  for  effective  damage. 
GP  bombs  can  also  be  used.  Transformer  installations 
are  small  and  therefore  difficult  to  hit  in  bombing. 
The  large  numbers  of  bombs  needed  for  a  reasonable 
assurance  of  several  hits  require  that  the  resulting 
strategic  effects  muet  be  compared  with  th6  effects  of  an 
equal  tonnage  cf  bombs  dropped  on  some  other  tsvget. 
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Special  Ikdobtbial  Taeqeti 
Tft*  discussion  of  factories  and  machinery,  at  tha 
beginning  of  thi<  section,  applies  to  many  kinds  of  in* 
dustries  operating  in  ordinary  buildings.  There  are 
many  other  types  of  industry,  eg.,  steel  manufacture 
and  oil  refining,  that  employ  special  plants  and  equip* 
ment  and  therefore  need  special  study  and  planning 
for  a  successful  bombing  attack.  Individual  vulnera* 
bility  analysis  should  be  made  of  all  important  Indus* 
•trial  targets  in  order  to  select  the  best  objectives  for 
attack  and  the  mo3t  efficient  weapon  for  damaging 
these  objectives.  For  some  types  of  assembly  and  light 
manufacturing,  bombing  of  buildings,  as  discussed 
above,  is  satisfactory  unless  analysis  of  the  target 
shows  that  special  conditions  exist  For  other  types  of 
industry,  requiring  highly  specialized  construction 
and  equipment,  a  detailed  analysis  is  necessary  for 
efficient  strategic  operations. 

No  attempt  will  be  made  here  to  give  a  detailed 
analysis  of  a  wide  variety  of  targets.  Ono  example, 
Japanese  steel  production,  will  be  discussed  and  the 
important  points  in  the  analysis  brought  to  the  atten* 
tion  of  the  reader.  Similar  analyses  may  be  made  of 
any  other  strategic  target  systems. 

The  Japan  tit  Stiel  Industry.  The  Japanese  steel 
industry  was  an  important  strategic  target  hi  World 
War  II.  Before  this  war  started,  steel  was  produced  in 
Japan  from  imported  ores  and  in  Manchuria  from 
local  ores.  Most  of  the  fabrication  plants  were  located 
in  Japan  proper,  and  drew  on  Japanese  steel  produc* 
tion,  Manchurian  steel  production,  and  imported  iron 
and  steel  for  supplies.  Soon  after  World  War  11 
started,  foreign  imports  of  ores  and  of  iron  and  steel 
were  almost  entirely  cut  off,  and  the  main  source  of 
supply  was  tho  Manchurian  ore. 

After  the  imports  of  steel  were  stopped,  tho  capacity 
of  the  fabrication  plants  in  Japan  wac  much  greater 
than  was  needed  to  handle  the  oteel  produced  locally 
and  in  Manchuria.  This  meant  that  steel  fabrication 
plants  were  very  poor  strategic  targets,  since  the 
work  done  by  any  one  plant  could  bo  transferred  to 
another  plant  with  no  overloading  of  facilities.  The 
bombing  of  steel  producing  units  in  Japan  and  in 
Manchuria  would  have  a  much  greater  effect  on  pro* 
duction  of  finished  products.  Steel  could  be  produced 
in  Manchuria  and  shipped  to  Japan,  or  ores  and  coal 
could  be  shipped  to  Japan  for  local  production.  Ap¬ 
proximately  12  tons  of  ore  and  coal  are  needed  to 
produce  1  ton  of  steel,  and  since  shipping  was  critical 
the  effects  of  destruction  of  steel  furnaces  in  Man¬ 


churia  would  be  multiplied  about  twelvefold  when 
considered  as  an  effect  on  production  of  finished  prod¬ 
uct*  in  Japan. 

This  analysis  of  the  wartime  Japanese  steel  in* 
dustry  is  somewhat  naive  in  that  all  detaila  are  not 
fully  considered,  but  a  more  thorough  analysis  leads 
to  the  same  conclusion :  the  greatest  loas  in  finished 
steel  products  in  Japan,  for  a  given  bombing  effort, 
could  be  achieved  by  destruction  of  steel  mills  in 
Manchuria.  Recent  history  has  shown  this  conclusion 
to  be  correct. 

Bombing  of  Slot  Mills.  There  are  four  principal 
operations  in  the  production  of  steel,  and  tha  basic  1 
pieces  of  equipment  for  each  operation,  in  the  order 
of  the  operations,  are:  ' 

1.  Coke  ovens,  in  which  coke  is  produced  from  coal 
with  various  gases  as  by-products; 

2.  Blast  furnaces,  which  are  used  for  the  reduction, 
of  iron  ore  to  relatively  pure  iron ; 

3.  Steel  furnaces,  in  which  the  iron  la  alloyed  with 
other  materials,  principally  carbon,  to  form  ateel; 

4.  Blooming  mills  and  rolling  mills,  in  which  steel 
it  rolled  to  the  shapes  necessary  for  structural  or 
mechanical  use. 

In  most  steel  industries  all  four  of  these  processes 
are  carried  out  on  one  site  and  all  are  integrated  for 
producing  a  continuous  flow  of  finished  ateela  from 
the  raw  materials.  Each  process  is  dependent  on  a  con¬ 
tinuous  and  regulated  flow  of  products  from  the  pre¬ 
ceding  process. 

However,  in  the  Japaneso  steel  industry  the  first 
two  steps  were  frequently  carried  out  near  sources  of 
ore  and  coal  in  Manchuria,  and  the  iron  produced  by 
the  blast  furnaces  was  shipped  to  J span  for  conversion 
into  steel  and  rolling  into  the  required  structural 
shapes.  Aa  stated  above,  tho  Manchurian  production 
was  the  most  important  from  a  strategic  point  of  view, 
so  the  primary  objectives  of  strategic  bombing  of  the 
Japaneso  steel  induatry  should  be  the  coke  ovens  and 
blast  furnaces  in  Manchuria.  These  two  targets  will 
be  considered  separately  below  to  select  the  one  beat 
suited  for  efficient  bombing  attack.**  See  Weapon  Data 
Sheet  6C1  of  Chapter  19. 

Coles  Ovens.  Steel  cannot  be  produced  without  coke 
for  use  in  the  blast  furnaces,  so  the  destruction  of 
coke  producing  facilities  directly  affects  the  produc¬ 
tion  of  steel.  From  the  point  of  view  of  bomb  damage, 
coke  ovens  can  be  classified  into  two  types :  the  older 
type,  which  can  bo  repaired  after  a  bombing  hit  with 
only  the  directly  damaged  portions  requiring  repair; 
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*nd  the  modem  type,  which  undergoes  excessive  creek-  consequent  complete  lose  of  the  furnece.  Such  stat¬ 


ing  u  a  result  of  cooling  and  therefore  require*  com¬ 
plete  relining  if  cooled  for  repairs  or  cooled  because 
of  lost  of  control  resulting  from  bomb  damage.  Dam¬ 
age  to  the  older  type  of  ovens  is  essentially  limited  to 
the  radios  of  damage  of  the  bomb,  while  an  entire  sec¬ 
tion  of  the  newer  type  is  damaged  by  a  single  effective 
bomb  hit  Host  coke  ovens,  both  older  and  modem 
types,  are  built  in  batteries  of  four  or  five  sections, 
each  section  being  about  60  ft  wide  and  100  to  120  ft 
long  and  made  up  of  some  ?0  to  40  ovens.  The  plan 
area  for  bombing  attack  is  therefore  6,000  or  6,000 
sq  ft,  although  part  of  this  area  is  masked  by  control 
equipment  and  loading  chutes.  Cooling  for  repairs, 
repairing  the  ovens,  and  reheating  may  require  sev¬ 
eral  months. 

The  tops  of  the  sections  of  ovens  are  made  of  good 
quality  brickwork  about  3  ft  thick.  Tho  600-lb  OP 
bomb  is  the  smallest  that  can  perforate  the  top  without 
damage  to  the  case,  end  if  the  top  of  the  section  is 
known  to  be  more  than  8%  ft  thick  the  600-lb  SAP 
bomb  or  the  1,000-lb  OP  bomb  must  be  used.  Delay 
fusing  will  assure  detonation  inside  of  the  oven  sec¬ 
tion,  and  0.026-sec  delay  is  recommended.  A  delay  of 
0.01  see  is  not  recommended  because  some  bombs  may 
have  the  fuzing  mechanism  initiated  by  ovorhead 
loading  cranes  and  detonate  before  reaching  the  inside 
of  the  ovens.  Since  the  bombs  will  be  brought  to  rcet 
within  the  ovens,  delays  longer  than  0.026  sec  are 
satisfactory  but  have  no  advantage. 

Near  misses  more  than  about  8  ft  from  a  section 
of  ovens  do  not  cause  damage  to  the  ovens.  The  aux¬ 
iliary  equipment  may  be  damaged  by  near  mioses  or 
direct  hits,  but  aince  repairs  can  be  made  in  a  much 
shorter  time  than  that  required  to  repair  ovens  such 
damage  ia  not  serious  except  when  it  causes  losa  of 
control  of  the  ovens,  resulting  in  cooling  and  cracking. 
The  important  factor  is  not  the  aren  of  primary  dam¬ 
age  but  the  time  required  for  repair. 

Blast  Furnaces .  The  blast  furnace  plant  consists 
of  the  furnace,  charging  equipment  and  atorago  and 
mixing  bins,  hot-blaat  stoves,  blowing  plant,  and  other 
handling  equipment  The  blaat  furnace  cannot  oper¬ 
ate  if  any  of  the  equipment  related  to  it  is  damaged 
or  destroyed.  Destruction  of  some  of  the  equipment 
will  cause  production  to  atop  or  to  proceed  at  a  re¬ 
duced  rate,  but  the  furnace  can  be  emptied  and  cooled 
alowiy  without  damage.  Destruction  or  serious  damage 
to  the  furnace,  all  of  the  hot-blast  stoves  connected 
to  one  furnace,  or  to  the  blowing  plant  can  cause  op¬ 
erations  to  stop  immediately,  with  ‘‘freezing**  and 


age  necessitates  abandonment  of  the  furnace  and  new 
construction  requiring  several  months. 

Blast  furnaces  cannot  be  damaged  except  by  direct 
hits  of  large  bombs,  exploding  inside  the  furnace. 
Hits  on  the  side  of  the  furnace  will  ricochet,  so  the 
area  vulnerable  to  direct  hits  is  the  top  of  the  furnace 
or  about  300  sq  ft  The  2,00O-Ib  OP  bomb  is  the  casll- 
est  bomb  that  can  be  expected  to  cause  serious  damage; 
a  fuse  deity  of  0.02S  sec  is  recommended  to  cause 
detonation  inside  of  the  furnace. 

Hot-blest  stoves  host  the  air  for  blest  furnace  oper¬ 
ation.  There  .ere  usually  four  of  these,  placed  does  to 
the  furnace,  bnt  only  two  or  three  are  used  at  any  oqs 
time  end  one  stove  or  connections  to  stoves  at  other 
furnaces  can  keep  the  furnaco  in  operation  while 
emptying  and  cooling.  Therefore  all  four  must  bo 
destroyed  or  seriously  damagod  to  put  one  furnace  out 
of  operation.  The  stoves  are  of  heavy  construction 
and  a  direct  hit  by  e  1,000-  or  2,000-lb  OP  bomb, 
fuzed  for  0.025-eee  delay,  is  needed  for  each  store 
that  ia  damaged.  Four  hits  ere  needed  to  put  a  fur¬ 
nace  out  of  operation.  Each  stove  has  a  vulnerable 
area  of  about  30C  sq  ft 

The  bloving  plant  furnishes  air  under  pressure 
for  operation  of  blast  furnaces,  and  usually  several 
furnaces  receive  compressed  air  from  one  blower.  Thus 
destruction  of  one  blowing  plant  may  cause  frosting 
of  several  furnaces.  The  blowing  equipment  is  of  very 
heavy  construction  and  it  ia  unlikely  that  a  near  miss 
by  a  2,000-lb  GP  bomb  will  cause  sufficient  damage  to 
atop  or  delay  blast  furnaco  operations.  The  target  is 
so  small  that  direct  hits  on  the  equipment  are  un¬ 
likely.  No  incidents  of  bomb  damage  to  blowing  plants 
have  been  reported. 

Select  ton  of  Target .  In  the  special  case  of  the 
Japanese  etecl  industry,  analysis  of  the  industry  has 
shown  that  the  best  target  from  an  economic  point  of 
view  is  tho  iron  production  in  Manchuria.  Further 
analysis  of  this  as  a  target  shows  that  the  coke  oven* 
and  related  equipment,  the  blast  furnaces  and  related 
equipment,  or  both,  are  suitable  targets.  Severe  dam¬ 
age  or  destruction  of  either  target  will  require  ae*vnl 
month*  for  repairs  or  rebuilding.  The  coke  ovens  can 
be  damaged  by  smaller  bombs  than  ere  needed  for 
damago  to  the  blast  furnaces  and  related  equipment, 
and  present  a  vulnerable  area  many  times  as  large.  It 
is  therefore  concluded  that  the  best  targets  for  attack 
are  the  coke  ovens.  These  present  a  vulnerable  area  of 
6,000  to  6,000  sq  ft  per  section  and  a  direct  hit  by  a 
single  600-lb  GP  bomb,  fuzed  0.025-sec  delay,  will 
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cause  each  damage  to  one  section  that  several  months 
will  b«  required  for  repair*. 

MJi  RECOMMENDATIONS  FOR 
FUTURE  WORK 

la  any  future  war,  near  weapons,  more  complex  rad 
more  powerful  than  those  used  in  World  War  II,  win 
be  employed.  Strategic  warfare  trill  probably  be  much 
more  important  than  tactical  oporationa.  The  vulner¬ 
ability  of  targets  to  new  weapons  will  be  eo  different 
from  vulnerability  to  present  weapons  that  a  large 
part  of  present  knowledge  of  the  effects  of  weapons  on 
targets  is  already  obsolete.  However,  mechaniima  of 
damage  will  not  be  changed  by  the  introduction  of 
now  weapons  and  the  principles  of  selecting  weapons 
to  act  by  the  most  effective  mechanism  will  remain 
the  same. 

The  directions  along  which  studies  of  weapon  ef¬ 
fectiveness  should  be  continued  are  not  entirely  cer¬ 
tain.  It  is  true  that  present  knowledge  of  the  weapons 


used  in  World  War  II  is  far  from  exact  or  complete 
and,  even  though  auch  weapons  may  soon  be  surpassed 
by  others,  there  is  reason  to  believe  that  analyses  of 
the  data  obtained  in  Europe  and  Japan  will  be  useful. 
High-explosive  and  incendiary  weapons  will  continue 
to  be  effective.  It  ie  very  probable  that  their  power  will 
be  Improved,  and  it  ie  certain  that  methods  of  delivery 
will  be  greatly  dunged.  It  can  be  expected  that  aim¬ 
ing  accuracies  and  reloeltiee  of  impact  wQl  be  greater 
in  die  future  than  they  have  been.  These  considera¬ 
tions  will  undoubtedly  alter  some  of  the  recommenda¬ 
tions  that  appear  in  this  chapter. 

Further  study  and  analysis  of  the  effects  of  bombing 
in  Europe  and  Japan  may  be  useful.  However,  the  re¬ 
sults  of '  hose  studies  will  be  of  great  value  only  if  they 
are  interpreted  and  applied  by  men  trained  in  the  fun¬ 
damentals  of  terminal  ballistics  and  explosive  effects 
and  capable  of  estimating  the  performance  of  new 
weapons  from  a  knowledge  of  the  performance  of  old 
ones.  The  training  of  such  men,  as  outlined  in  Chap¬ 
ter  18,  is  recommended. 
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THE  DIVISION  2  TECHNICAL  LIBRARY 


BA  INTRODUCTION 

IK  os  TUB  rsiKCl7Al>  functions  of  Division  1  vut 
the  acquisition,  analysis,  and  distribution  of  infor* 
nation  on  weapon  performance  a  means  of  collecting, 
sorting,  and  pieserring  the  reports  containing  this  in¬ 
formation,  especially  those  reaching  the  division  from 
outside,  was  of  utmost  value  to  it.  This  need  was  rec¬ 
ognised  soon  after  the  formation  of  the  division,  or 
rather,  soon  after  the  formation  of  its  predecessor, 
Section  B  of  Division  A,  NDRC.  A  library  for  the  use 
of  the  division  was  set  up  at  the  division  office  iu 
Princeton  and  made  the  primary  responsibility  of  one 
man.  This  library  grew  rapidly  and  by  the  end  of  World 
War  II  contained  about  20,000  items.  Since  it  played  a 
very  essential  part  in  the  functioning  of  Division  2, 
and  since  such  a  library  is  an  essential  part  of  any 
organization  having  similar  functions,  it  was  felt  de¬ 
sirable  to  describe  its  operation  in  thia  volume. 

wa  ORGANIZATION 

The  Division  2  library  waa  organized  with  particu¬ 
lar  attention  to  its  ability  tc  assist  a  search  for  all 
reports  relating  to  a  particular  subject.  The  essential 
need  for  this  was  found  to  be  a  well-maintained  subject 
reference  system.  Listing  merely  key  words  that  ap¬ 
peared  in  the  titles  of  reports  was  insufficient;  instead 
it  waa  necessary  to  assign  the  work  to  a  person  with 
reasonable  acquaintance  with  tha  technical  field  cov¬ 
ered,  so  that  he  would  be  able  to  make  an  intelligent 
selection  of  suhjcct  references.  In  this  library  the  cata¬ 
loguing  was  done  according  tc  the  subject  classification. 
As  an  examplo  of  the  form  which  that  classification 
took,  the  following  were  the  main  categories: 
1000-1099  Weapon  Description, 

2000-2999  Impacts, 

3000-3099  Explosions, 

4000-4909  Armor, 

5000-6909  Structural  Behavior, 

6000-0999  Material*  Testing, 

7000-7099  Experimental  Apparatus, 

9000-9999  Miscellaneous. 

The  way  thia  was  worked  out  in  detail  is  illustrated  by 


considering  a  particular  number,  such,  as,  sij  3101; 

3 — Explosions 
81— Air  Blast 

3101  Blast-Pressurs  Measurements. 

The  fineness  with  which  subject  classification  is  car* 
ried  ont  is  limited  only  by  tha  ability  of  the  classifier. 
It  wu  found  that  for  maximum  convenience  in  locat¬ 
ing  reports  it  wu  well  to  have  not  more  than  a  few 
dozen  in  each  subject  group  so  that  it  would  not  take 
too  long  to  look  through  all  of  tha  reports  of  a  group. 
In  the  subject  classifications  used,  it  turned  ont  that 
one  classification  had  300  reports  in  it  and  another 
had  200,  but  few  of  the  others  had  more  than  20  or 
80.  No  need  wu  found  for  any  particular  order  within 
a  subject  group,  so  that  reports  were  simply  added  in 
tha  order  received,  although  provision  was  made  to 
put  closely  related  reports,  such  u  addenda  or  succes¬ 
sive  progress  reports,  consecutively.  Thus  each  roport 
wu  assigned  a  number  having  two  parts,  the  first  of 
which  indicated  the  subject  group  while  the  second 
indicated  merely  the  number  of  the  report  within  the 
group.  A  typical  number  would  be,  say,  3101/62, 
which  would  mean  the  fifty-second  report  on  air-blut 
pressure  measurements.  When  the  next  report  wu 
received  on  the  otme  subject,  it  would  ordinarily  re- 
ceivo  the  number  3101/63,  but  if  it  wu  particularly 
closely  related  to,  say,  8101/47  then  it  would  receive 
the  number  3101/47.1. 

It  wu  found  unnecessary  to  extend  the  subject  clas¬ 
sifying  to  the  reporta  within  one  group,  since  that 
would  moke  for  unnecessarily  complicated  reference 
numbers,  end  since  each  subject  group  did  not  contain 
many  reports. 

It  turned  out  to  be  very  important  not  to  limit  the 
subject  classification  of  a  report  to  its  primary  subject 
but  to  make  plentiful  cross  references  to  subsidiary 
subjects,  because  seldom  is  a  report  found  that  agree* 
exactly  in  subject  with  the  breakdown  used  for  clas¬ 
sification  but,  instead,  contains  parts  of  several  classes. 
If  these  subject  cross  references  bad  been  omitted  the 
subject  index  would  have  been  much  leas  useful.  For 
the  same  reason,  when  a  report  such  as  a  progress  re* 
port  consisted  of  several  ports  by  different  authors, 
care  was  token  to  catalogue  it  according  to  the  subject 
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of  each  put,  tad  to  preptre  author  and  titla  cross  ref¬ 
erence  for  eech  part  aa  weB. 

It  was  found  convenient  to  tho  operatlona  of  the 
library  to  bara  a  ready  means  of  distinguishing  its  ref¬ 
erence  numbers  from  others  that  might  be  usod  in 
connection  with  a  report  Thus  each  of  the  Division  t 
daaaification  numbers  was  preftxod  by  a  pair  of  letters 
to  supply  this  indication.  The  letters  PP  (Princeton 
Files)  were  used,  so  that  a  complete  number  would  be 
PF-8101/5S. 

Considerable  cere  was  taken  to  sea  that  tha  cross 
references  made  wars  as  extensive  sa  possible.  Thus 
not  only  were  cross  reference  cards  prepared  for  the 
author  and  the  title  of  each  report,  bnt  cards  were  also 
prepared  for  each  of  tiro  various  reference  numbers 
that  it  contained.  This  was  dono  evon  though  certain 
reports  contained  fifteen  or  more  such  reference  num¬ 
bers.  Tha  effort  was  found  to  be  repaid  by  the  greater 
number  of  times  that  reports  could  be  located  from 
fragmentary  information. 

W4  >  REPORT  ABSTRACTS 

A  technical  abstract  was  mado  of  each  report  it 
was  received.  This  had  a  dual  purpose;  it  was  used  on 
accessions  lists  which  were  distributed  to  the  research 
workers  in  tho  division  to  let  them  know  that  new  re¬ 
port*  had  been  received  in  their  fields,  anil  it  also  was 
put  on  the  subject  reference  cards,  thus  permitting  a 
subject  search  without  tho  necessity  of  obtaining  the 
actual  reports  from  tho  files  or  calling  them  in  from 
loan. 

U4  CONTENTS 

The  major  supplier  of  reports  to  tho  library'  was  tha 
OSRD  Liaison  Office,  which  did  an  excellent  job  of 
obtaining  and  forwarding  reports  secured  from  the 
various  British  organisations.  Through  this  means 
were  receivod  regularly  the  reports  of  tho  Statio  De¬ 
tonation  Committee  and  the  Anti-Concrote  Committee 
of  the  Ministry  of  Supply,  the  Underwater  Explosions 


Subcommittee  of  the  Admiralty,  and  tha  Research  and 
Experiments  Department  of  the  Ministry  of  Ham* 
Security.  Group  A  of  the  OSRD  Liaison  Office  per¬ 
formed  the  same  function  for  reports  issued  by  Ameri¬ 
can  Service  groups,  including  intelligence  reporta  in 
the  field  of  the  Division. 

These  sources  were  supplemented  by  fufonnatfam 
especially  obtained  by  Division  personnel  in  tha  cornea 
of  various  foreign  missions.  Thus  early  in  Wo»Id  War 
II  tha  Division  Chief,  during  a  trip  to  England,  ob¬ 
tained  permission  to  have  reproductions  mads  of  a 
number  of  analyse*  of  bomb-damage  incidents  in  Eng¬ 
land  prepared  by  the  Ministry  of  Home  Security.  Also 
the  several  operations  analysis  groups,  tome  of  whoea 
personnel  had  been  trained  by  the  Division  (Chapter 
18),  aent  back  materiel  expected  to  be  useful  to  tha 
Division’s  work,  and  the  eeme  vu  done  by  eeveral  of 
me  various  bomb-damage  surveys.  Through  theoa 
sources  the  library  was  able  to  keep  abreast  of  the  in¬ 
formation  in  the  field  of  tho  Division,  generally  receiv¬ 
ing  reports  shortly  after  t,hey  were  written. 

«•*  •  SECURITY 

Ono  of  the  problems  that  required  moot  careful  con¬ 
sideration  for  its  solution  was  that  of  maintaining  ap¬ 
propriate  security  in  the  functioning  of  tha  library. 
It  woe  found  that  this  could  beet  be  solved  not  by 
limiting  tho  library  to  coverage  of  e  very  narrow  field, 
but  by  hsving  the  library  cover  t  broad  field,  supplying 
to  the  individual  research  worker  only  information 
portiuent  to  his  problem.  Thus  the  librarian  would 
havo  a  lsrgo  enough  field  from  which  to  locate  related 
information  for  tho  rcsaarch  worker. 

The  accessions  lists  were  handled  in  a  special  way 
because  of  the  requirement  of  security.  Instead  of  put¬ 
ting  on  ono  list  all  reports  received  by  the  library,  it 
was  necessary  for  the  librarian  to  keep  a  tabulation  of 
tho  interests  of  the  various  workers,  and  notify  them 
only  of  the  various  reports  in  their  fields.  Thus  the  re¬ 
port  titles  and  abstracts  reproduced  were  sorted  so  that 
only  appropriate  ones  readied  each  individual. 


CONFIDENTIAL 


Chapter  18 

TRAINING  OF  OPERATIONS  ANALYSTS 


UJ.  INTRODUCTION 

nriHJna  has  bskh  a  dear  need  for  men,  trained  in 
1  the  principles  of  damage  assessment  and  weapon 
selection,  to  work  with  operations  officers  in  combat 
tones  and  with  planning  and  intelligence  organiza¬ 
tions  at  various  headquarters.  These  men  act  as  con¬ 
sultants  in  weapon  selection  and  operation*  planning, 
and  aid  in  evaluating  the  damage  caused  by  various 
operations. 

Aa  tho  personnel  of  Division  2  acquired  informa¬ 
tion  and  experience  on  the  performances  of  weapons 
it  became  more  and  more  evident  that  men  with  such 
knowledge  would  be  of  great  use  to  thoso  engaged  in 
planning  operations.  In  late  1942,  operations  analysis 
sections  were  being  set  up  at  various  sir  force  head¬ 
quarters,  and  Division  2  undertook  to  find  and  train 
men  in  the  principles  of  weapon  selection  for  such  an 
assignment  In  the  spring  of  1943  six  men  were 
brought  to  Princeton  to  be  trained  as  operations  ana¬ 
lysts;  all  were  later  employed  by  the  air  forces  as  con¬ 
sultants  *n  operations,  working  with  planning  groups 
in  the  theaters. 

The  work  of  this  first  group  of  men  was  so  well  re¬ 
ceived  that  there  wore  requests  for  additional  men  of 
similar  training  and  abilities.  Other  groups  were 
f-'rraed  and  were  trained  at  Princeton;  by  August 
:9i5,  five  groups  had  received  formal  training  and 
aawal  men  unable  to  come  to  the  Princnton  Uaiver- 
a'4.;  station  at  the  time  of  one  of  tho  regular  training 
courses  received  individual  training.  Most  of  the  men 
were  civilians,  although  one  group  waa  composed  en¬ 
tirely  of  naval  officers. 

Approximately  forty  men  received  training  in  bomb 
selection  and  damago  assessment  and,  except  for  those 
of  the  last  group,  nearly  all  wore  assigned  to  service 
with  one  of  the  air  forces  or  with  some  other  organi¬ 
sation  where  a  knowledge  of  the  effects  of  bombing 
waa  needed.  Men  worked  with  at  least  oight  of  the 
various  air.  forces,  with  tho  Joint  Target  Group 
(AC/AS  Intelligence),  with  tho  Research  and  Experi¬ 
ments  Department,  Ministry  of  Homo  Security  (Brit¬ 
ish),  and  in  various  naval  organizations.  The  last 
group  of  men  completed  their  training  in  August 


2945.  Two  of  these  had  orders  to  repoii  for  duty  and 
other*  were  awaiting  orders  when  Japan  surrendered. 

One  man,  accompanying  landing  forces  so  that  he 
could  make  observations  on  the  effects  of  bombing  be¬ 
fore  these  effects  were  erased  or  changed  by  clean-up 
operations,  waa  killed  in  action.  The  fact  that  he  took 
the  risk  of  going  in  with  a  landing  force  for  the  op¬ 
portunity  of  making  direct  and  immediate  observa¬ 
tions  of  the  effects  of  bombing  ia  an  example  of  the 
aiocerity  and  thoroughness  of  the  work  of  all  of  theoe 
men. 

ua*1  Liaison  Provided  by  Training 

One  important  result  of  sending  these  trained  men 
to  the  field  waa  the  liaison  provided  between  field 
operations  personnel  and  research  organizations  in 
this  country.  Tho  men  who  had  been  through  the 
training  program  described  above  wore  familiar  with 
the  research  activities  of  various  organisations  and 
therefore  knew  where  to  seek  information  and  advice 
on  problems  aa  they  occurred,  and  were  receptive  to 
such  information.  Most  of  the  men  working  on  weapon 
selection  and  demage  assessment  had  the  common 
background  of  the  training  program  and  were  per¬ 
sonalty  acquainted  with  each  other.  This  provided  an 
informal  liaison  between  sections,  and  the  men  Wfire 
interested  in  and  receptive  to  ideas  developed  in  sec¬ 
tions  other  than  their  own.  • 

The  training  program  was  very  useful  to  Division  3, 
in  that  reports  and  personal  communications  from 
men  working  in  the  field  provided  a  contact  betwoca 
those  engaged  in  research  and  those  applying  the  re¬ 
sults  of  research.  Such  contact  was  especially  helpful 
in  guiding  tho  programs  of  Weapon  Analysis  (see 
Chapter  16)  and  Weapon  Data  Sheets  (see  Chapter 
19). 

1SJ  THE  PRINCETON  TRAINING 
PROGRAM 

Ail  men  receiving  formal  training  at  the  Princeton. 
University  Station  went  through  a  six-to-eigbt-week 
course  of  study,  supplemented  by  visits  and  short 
training  courses  with  other  organizations. 
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TRAINING  OP  OPERATIONS  ANALYSTS 


14X1  Selection  o£  Men  for  Training 
Ken  to  be  trained  u  operation*  analyst*  for  work 
with  the  air  forces  most  have  good  background  knowl¬ 
edge  of  engineering  structures,  mathematics,  and  ap¬ 
plied  physic*.  Most  of  the  men  selected  for  training 
were  trained  aa  engineers  or  architectural  engineers 
end  had  some  professional  experience  in  one  of  then 
fields.  Mon  wets  also  selected  fox  emotions!  maturity, 
physical  fitness,  pleasing  personality,  and  ability  to 
work  well  with  others,  because  all  of  these  traits  are 
important  in  acting  ta  a  field  consultant  to  higher 
echelon  combat  officer*. 

Training  at  Princeton 
All  the  men  had  a  review  course  in  mechanics  and 
a  special  course  in  mathematical  probability  and  its 
application  to  bombing  problems.  The  men  were 
trained  to  find  and  use  reference  material  on  weapon 
effects  and  required  to  make  detailed  studies  of  many 
of  the  operations  reports  and  damage  studies  svsilsbls 
in  the  Division  2  library.  The  men  received  lecture* 
on  effects  of  air  blest  end  underground  explosion!, 
terminal  ballistics  of  armor  and  concrete,  and  on  tha 
effects  of  weapons  on  targets.  These  lectures  were 
given  by  the  head*  of  the  several  research  sections  of 
the  Princeton  University  Station  who  were  available 
throughout  the  course  for  consultation  and  guidance 
of  further  studies. 

Training  films,  loaned  to  the  etatiou  by  the  Army 
Air  Forces,  were  used  for  instructional  purpose*. 

Features  of  the  later  training  programs  were  vinta 
to  various  industrial  plant*  under  the  guidance  of  a 
structural  engineer  on  the  staff  of  the  station.  These 
plants  were  examined  for  vulnerability  to  various 
mechanuma  of  damage  by  bombing,  and  the  managers 
of  the  plants  discussed  the  critical  nature  of  certain 
operations  and  equipment  also  from  the  point  of  view 
of  vulnerability  to  bombing. 

11X1  Training  by  Other  Organizations 
All  formal  training  groups,  except  the  first,  and 
many  of  the  men  who  were  trained  informally  received 
additional  training  by  other  organizations,  although 
no  group  received  training  by  all  of  the  organisations 
mentioned  here.  The  U.  S.  Navel  Bomb  Disposal 
School  gavo  the  men  a  short  course  on  the  character¬ 
istics  and  properties  of  bombs  and  fuzes.  Division  11, 
NDBC,  sent  representatives  to  Princeton  to  give  leo* 
tures  on  the  propartie*  and  effects  cf  incendiary 
bombs.  8everal  of  the  groups  were  given  additional 
training  in  tha  theory  of  probability  and  analysis  of 


data  by  tha  Applied  Mathematics  Panel.  Many  but 
not  all  of  tha  men  received  further  training  at  fib* 
Army  Air  Forces  School  of  Applied  Tactic* 
[AAFSAT],  The  last  group  of  trainees  received  in* 
attraction  on  rockets  and  their  effects  from  Division  3, 
NDBC. 

RN  Reference  Material 

All  man  who  ware  trained  for  operation*  analysis 
prepared  personal  notebook*  containing  the  most  Im¬ 
portant  data  and  other  information  acquired  in  their 
training  course  and  in  atudy  of  reports  in  tha  Division 
2  library.  All  trainee*  were  given  a  number  of  reports 
to  be  used  in  their  future  work,  end  provision  was 
made  to  keep  them  supplied  with  revisions  and  addi¬ 
tions  to  these  reports  and  with  other  new  information. 
Tho  most  important  reports  given  to  the  trainees  are 
found  in  the  bibliography.*4 
Moat  of  the  men,  on  completion  of  their  training, 
were  assigned  to  operations  analysis  sections  ol  tha 
Army  Air  Forces.  In  the  course  of  their  wovk,  these 
men  prepared  recommendations  on  bomb  selection  and 
estimates  of  bomb  effaetiveneoa.  These  reports  were 
distributed  among  all  Army  'Air  Forces  operations 
analysis  sections.  Copies  of  these  reports  were  received 
in  the  Division  2  library  and  were  used  in  training 
new  men  as  operations  analyst*. 

i'»  OTHER  TRAINING  PROGRAMS 

Operation*  analysis  covers  a  wide  variety  of  sub¬ 
jects,  and  analysts  worked  with  combat  forces  in  many 
ways  in  World  War  II.  Only  wtapon-cffects  analysts 
wore  trained  at  Princeton.  Moot  of  the  operations  ana¬ 
lysts  who  worked  on  weapon  selection  and  d&mago  as¬ 
sessment  for  the  armed  forces  of  the  United  States 
were  attached  to  the  Army  Air  Forces  or  the  Navy ; 
two  men  who  had  been  engaged  to  research  on  weapon 
effectiveness  at  the  Princeton  University  Station  of 
Division  2  wore  sttached  to  the  Army  Ground  Foroea 
aa  operations  analysts  to  weapon  effectiveness  toward 
the  end  of  World  War  II,  but  such  work  with  the 
ground  forces  never  received  the  interest  and  support 
given  by  the  air  forces.  No  formal  training  program 
for  Army  Ground  Force  operations  analysts  was  es¬ 
tablished. 

'u  British  Operations  Analysis 
and  Training  * 

The  British  had  operations  analysis  sections  at¬ 
tached  to  most  branches  of  their  forces  concerned  with 
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combat  operation*,  and  used  operation*  analysts  to  a 
wider  extent  than  did  <rar  own  force*.  Several  »n«a 
who  had  taken  the  Princeton  training  course  aba  took 
a  training  course  in  bomb  selection  and  bomb  damage 
analyai*  given  by  the  British,  and  have  described  this 
conne  in  detail* 


.*»  RECOMMENDATIONS  FOR 
FUTURE  WORK 

The  need  for  information  on  the  effectivenoee  and 
efficient  use  of  weapon*  and  the  need  for  men  trained 
to  use  this  information  ha*  been  obvious  in  World  War 
II.  In  eny  future  war  more  complex  and  more  power* 
ful  weapons  than  are  now  known  will  be  used,  and  the 
need  for  men  trained  to  evaluate  the  performance  and 
to  Advise  on  the  uso  of  these  weapons  wili  be  much 
greater  than  it  has  been  in  the  post  Any  future  war 
will  require  more  complete  military  organisation  and 
more  interdependence  between  branches  of  a  Service, 
between  the  Services,and  between  military  and  civilian 
organizations  than  did  World  War  II.  Such  a  complete 
organization  should  include  a  permanent  operations 
analysis  division  to  serve  all  branches  concerned  with 
operations.  A  single  group  to  eerve  ell  forces  is  desir- 
able  since  close  cooperation  of  the  forces  will  probably 
be  the  future  order. 

Strategic  attack  and  defense  in  futuro  wars  will  be 
entirely  different  from  attack  and  defense  in  World 
War  II  and  will  overshadow  tactical  attack  and  de¬ 
fense  in  importance.  The  information  that  has  been 
acquired  ou  the  effectiveness  and  use  of  weapons  will 
be  partly  obsolete,  but  the  need  for  such  knowledge 
and  for  an  adequate  supply  of  meu  able'  to  use  it  will 
be  greater  that  before.  The  principles  of  terminal  bal¬ 
listics  and  the  effects  of  shock  waves  will  not  ba 


changed ;  they  muat  be  thoroughly  understood  so  that 
they  may  be  used  correctly  in  svaluating  the  perform¬ 
ance  of  new  weapons. 

u-u  Peacetime  Functions  of  Operation* 
Analysis  Divisions 

The  peacetime  functions  of  a  permanent  operation* 
analysis  division  muat  include  the  following*. 

1.  The  collection  of  information  on  the  perform¬ 
ance  of  weapoha  as  they  are  developed  and  the  eetima- 
t  jo  of  the  performance  of  weapons  u  they  art 
planned. 

i.  The  discovery  of  advantageous  usee  of  existing 
weapons  and  recommendation  of  developments  of  new 
weapons. 

8.  The  evaluation  of  new  weapons  while  still  in  the 
planning  stage,  as  a  guide  to  their  beat  development. 

4.  The  procurement  and  training  of  suitable  men 
for  operations  analysis  in  a  future  war,  before  the 
need  for  such  men  arises. 

8.  The  planning  of  field  organizations  and  methods 
of  operation  In  preparation  for  their  need. 

1,u  Training  of  Future  Operation# 
Analysts 

The  training  of  suitable  men  for  work  a*  operations 
analysts  in  weapon  effectiveness  and  selection  muat  be 
somewhat  broader  than  it  has  been  in  the  past,  because 
the  ectual  weapon*  of  the  future  cannot  be  predicted 
very  accurately  aud  will  certainly  show  greater  variety 
than  the  weapons  of  World  War  II.  Training  should 
be  as  thorough  aa  possible  in  the  fundamentals  of  ap¬ 
plied  physics  and  applied  mathematics,1  including  the 
fundamental  principle*  of  exploaivo  effects  and  termi¬ 
nal  ballistics.  The  subject  matter  of  the  present  vol¬ 
ume,  kept  up  to  date,  would  bo  an  excellent  base  for 
such  broad  training. 
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Chapter  19 

WEAPON  DATA  SHEETS 


«M  INTRODUCTION 

Thv  chxk?  rcKCYjoNB  of  Division  2  have  been  to 
collect  and  organize  information  on  the  perform* 
anoe  of  weapons  and  to  supply  this  information  to 
those  needing  it  Since  it  is  obvious  that  the  useful* 
ness  of  such  information  is  always  limited  by  the 
maimer  and  extent  of  its  distribution,  considerable 
efforts  have  been  made  to  make  the  distribution  as 
effective  aa  possible 

The  effective  distribution  of  information  on  weapon 
performance  is  made  difficult  by  the  fact  that  such 
information  is  particularly  useful  to  individuals  who 
are  in  or  very  near  the  field;  the  wide  dispersal  and 
large  numbors  of  prospective  users  of  weapon  data 
seriously  limits  the  effectiveness  of  the  usual  methods 
of  dissemination,  such  as  personal  contact  and  distri¬ 
bution  of  formal  reports.  The  Weapon  Data  Sheets  are 
designed  to  minimize  this  difficulty  by  putting  weapon 
data  in  compact  and  accessible  form  suitable  for  wide 
distribution  and  immediate  use. 

Material  has  been  issued  as  a  loosolcaf  notebook, 
.entitled  Weapon  Data — Fire,  Impact,  Explosion  (for¬ 
merly  Effects  of  Impact  and  Explosion).  The  looseleaf 
form  was  chosen  so  that  available  material  could  be 
issued  at  once  and  new  sheets  aud  revisions  of  old  ones 
could  bo  added  as  they  became  available.  In  general, 
each  shoot  deals  with  one  aspect  of  weapon  perform¬ 
ance,  presenting  tho  material  in  the  form  of  a  table, 
chart,  or  a  combination  of  these.  Incident  Summaries 
have  been  included  to  give  a  detailed  description  of 
bomb  damage  to  specific  typical  targots. 

W-U  Distribution  of  the  Report 

Two  el  roe  of  books  wore  issued :  a  desk  size  and  a 
pocket  book.  The  first  SO  copies  of  the  desk-size  loose- 
leaf  notebook,  containing  15  Weapon  Data  Sheets  aud 
6  Incident  Summaries,  were  distributed  in  July  1943. 
Additional  sheets  have  been  prepared  and  old  sheets 
revised  as  necessary,  and  tho  final  edition  of  the  book 
contains  81  Weapon  Data  Sheets  and  17  Incident  Sum¬ 
maries.  The  distribution  list  has  grown  rapidly.  The 
total  distribution,  including  the  regular  desk-size 
looseleaf  notebook,  the  pocket  edition  for  field  use, 
and  the  bound  final  edition,  reached  nearly  1,200 


copies.  In  addition  to  this  direct  distril-atioa  by  tho 
Division,  the  Eighth  Air  Force  reprinted  more  then 
600  copies  of  the  early  sheets  for  the  ns*  of  ordnanoa 
offleera,  and  later,  U.  S.  Strategic  and  Tactical  Air 
Forces  requested  1,500  copies  of  each  new  sheet  to  con¬ 
tinue  this  distribution.  In  addition,  several  of  the  aheetu 
have  been  reproduced  in  various  reports  and  manual* 
of  Division  2  and  other  organization*. 

194-2  Final  Edition  of  the  Report 

The  final  edition  of  this  notebook  was  issued  a* 
OSRD  Report  6053,  and  more  than  100  copies  were 
bound  end  placed  in  permanent  libraries.  All  sheets 
of  the  final  edition,  with  one  exception  and  a  few 
minor  corrections,  are  reprinted  aa  part  of  this  chapter 
to  serve  m  reference  material  for  other  chapters  of 
this  report. 

MATERIAL  INCLUDED  IN  THE 
NOTEBOOK 

Tho  notebook  was  originally  conceived  as  a  collec¬ 
tion  of  material  useful  to  air  force  personnel  and 
others  concerned  with  the  performance  of  bomba; 
hence  all  of  the  early  sheets  contain  only  data  on  the 
characteristics  and  performance  of  aerial  bombs.  The 
scope  of  the  notobook  was  expanded  later  to  include 
artillory  weapons,  demolition  charges,  and  land  minaa, 
but  tbo  final  edition  still  places  the  greatest  emphasis 
on  bomba. 

WJ-1  Choice  of  Subject  Matter 

The  choice  of  subject  matter  for  tho  Weapon  Data 
Sheets  depended  upon  the  importance  of  tho  subject 
and  the  availability  of  information.  The  ready  avail¬ 
ability  of  personnel  of  the  Princeton  University  Sta¬ 
tion,  Division  2,  and  of  tho  Committee  on  Fortifica¬ 
tion  Design  [CFD]  for  consultation  has  resulted  in 
a  large  proportion  of  sheet*  being  on  subjects  with 
which  the  division  and  the  committee  were  directly 
concerned.  The  extensive  collection  of  British  reports 
on  bomb  damage  in  the  Division  2  library  (sec  Chapter 
17)  w&s  used  for  preparation  of  the  early  sheets  on 
damage  to  structures;  additional  sheets  on  thi?  subject 
have  been  based  on  bomb  damage  surveys  by  the  Army 
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Air  Force#  Evaluation  Board#  in  the  Mediterranean,  The  various  subjects  treated  have  been-  arranged  to 
European  and  Southwest  Pacific  theaters,  the  17.  S.  keep  sheets  on  similar  subjects  together.  The  arrange 


Strategic  Bombing  Survey,  the  Bombing  Analysis  Unit 
(British),  and  similar  grvupe.  The  close  liaison  be¬ 
tween  Division  2  and  various  Service  organizations 
such  as  the  Office  of  tho  Chief  of  Engineers,  the  Ord¬ 
nance  Department,  and  the  Bureau  of  Ordnance  has 
made  much  material  available  and  thus  influenced 
the  choice  of  subject  matter  for  Weapon  Data  Sheets. 

Tho  sheets  giving  quantitative  information  on  the 
effectiveness  of  weapons  on  specific  types  of  targets 
are  based  on  studies  by  the  Weapon  Effects  Group  of 
the  Princeton  University  Station,  Division  2,  and  the 
choico  of  subject  matter  was  largely  dictated  by  Service 
requests  for  target  vulnerability  studies.  These  studies 
were  based  on  bomb-damago  reports  available  in  the 
Division  2  library  and  ou  reports  froiu  the  various 
theaters,  many  of  which  were  furnished  by  the  Service 
organizations  requesting  tho  target  studies. 

Much  material  prepared  by  contractors  of  Division 
2  other  than  the  Princeton  University  Station,  and  by 
other  divisions  of  NDBC  has  been  included  in  the 
notebook.  The  largest  and  most  important  single  group 
of  such  sheets  is  the  group  of  incendiary  bomb  sheets 
prepared  by  Section  11.3  of  Division  11. 

Sources  of  Information 

For  each  individual  sheet  an  exhaustive  survey  of 
all  available  information  was  made,  using  the  facilities 
of  the  Division  2  library  (sea  Chapter  17),  the  advice 
of  various  Servico  liaison  connections,  and  other  sources 
described  above.  The  results  of  tho  various  Brithdi 
researches  and  reportings  of  bombing  incidents  have 
been  made  available  through  the  cooperation  of  the 
Research  and  Experiments  Department  of  the  Min¬ 
istry  of  Home  Security. 

Whenever  possible,  one  or  more  exports  on  each  sub¬ 
ject  were  consulted  at  the  beginning  of  each  study  for 
advice  on  sources  of  information  and  again  before 
printing  the  sheet  for  approval  of  what  had  been  done. 

Sources  of  information  for  each  of  the  Weapon  Data 
Sheet',  are  listed  at  the  end  of  this  chapter,  after  tho 
sheets  themselves. 

Presentation  of  Material 

Tho  methods  of  presentation  can  bvat  be  understood 
by  examination  of  the  sheets  making  up  the  bulk  of 
this  chapter.  Throughout,  an  effort  has  beer  made  to 
present  the  material  in  a  compact,  immediately  usable 
form. 


ment  of  sections  is  ti  follows: 

1.  Attacking  Weapons 

1A  Physical  Characteristic* 

IB  Striking  Velocity  and  Angle  of  Impact 
1C  Aircraft  Loading 

2.  Impact 

2A  Penetration 
2B  Scabbing 
20  Perforation 

3.  Explosion 

3A  Air  Blaat 
3B  Earth  Shock 
30  Underwater 

4.  Fire  (no  work  done  ou  this  section) 

5.  Fragmentation  (no  work  done  on  this  section) 

6.  Target  Vulnerability 

6A  Components  of  Structure* 

6B  Industrial  Building* 

60  Special  Industrial  Targets 
CD  Military  Targets 
6E  Utilities 
6F  Transportation 

7.  Bomb  Performance 

APPENDIX 

0  Miscellaneous  Information 
Incident  Summaries 


»»  RECOMMENDATIONS  FOR 
FUTURE  WORK 

The  success  of  tho  loosoleaf  notebook  form  of  data 
sheets  warrants  a  continuation  of  the  work,  or  at  least 
a  plan  for  having  such  material  available  'or  all  who 
may  need  it  at  the  beginning  of  any  future  war.  The 
importance  of  having  as  much  information  as  poult,!* 
conveniently  available  at  the  beginning  of  a  war  is 
great;  many  users  of  tho  Weapon  Data  Sheets  have 
expressed  regret  at  receiving  sheets  only  in  the  last 
half  of  World  War  II  when  they  were  sorely  needed 
for  guidance  of  new  personnel  in  the  early  operations. 
All  material  issued  in  such  a  form  should  bo  subject 
to  constant  revision.  A  large  part  of  the  usefulness  of 
such  a  notebook  is  in  having  a  wide  variety  of  useful 
information  available  in  condensed  form  in  ons  book, 
and  this  advantage  is  lost  if  the  material  is  not  kept 
up  to  date. 
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****  Suggested  Change#  in  the  Present 
Notebook 

Not  #3  Weapon  Dtta  Sheet*  that  would  be  desirable 
b  the  notebook  bare  been  prepared.  Sheets  on  charae- 
teriatica  of  certain  weapon*  such  u  rockets  and  aitiV 
lery  projectiles,  information  on  terminal  balUatks  of 
materials  inch  ss  brick,  stone,  tad  w nod,  and  miafon 
of  several  of  the  sheets  an  concrete  perforation  and 
armor  perforation  were  planned  bnt  not  executed 
before  the  end  of  World  War  II.  Other  work  that  ni 
planned  but  not  completed  concerned  revision  of  pres¬ 
ent  aheeta  and  addition  of  several  new  sheets  for  Part 
3  on  explosive  effects. 

In  the  original  plan  of  C'.e  notebook,  Part  4  was  to 
contain  information  of  a  fundamental  nature  on  the 
effects  of  incendiaries,  and  Pari  5  was  to  con  tab  in- 
formation  on  fragmentation.  A  small  amount  of  in- 
formation  on  these  two  subjects  is  included  in  Part  4, 
but  no  thorough  studies  of  incendiary  effects  and  frag* 
mentation  have  been  included  in  the  notebook.  Any 
continuation  of  this  work  should  certainly  include  de¬ 
tailed  studies  of  these  two  important  subjects. 

Part  6,  dealing  with  target  vulnerabilities,  includes 
sheets  based  on  studies  made  at  tiro  request  of  the  Serv¬ 
ices.  Any  future  work  on  a  similar  notebook  or  con¬ 
tinuation  of  the  present  notebook  should  include  stud¬ 
ies  of  tbe  physical  vulnerabilities  of  a  wider  variety 
of  targets,  made  along  the  lines  suggested  in  Chap¬ 
ter  18. 

iu  SOURCES  OF  INFORMATION  FOR  • 
THE  DATA  SHEETS 

Each  data  sheet  is  baoed  on  tho  best  information 
available  to  the  Division  at  the  time  the  sheet  was  pre¬ 
pared.  The  important  sources  are  listed  on  each  sheet, 
or  are  noted  by  a  reference  in  the  lower  left  coiner  of 
the  shoot.  The  references  AES,  EWT,  and  OTB  fol¬ 
lowed  by  numbers  refer  to  the  Division  2,  NDRC,  re¬ 
ports  A:  and  Earth  Shock,  Effects  of  Weapons  on 
Targets,  and  Ordnance  and  Terminal  Ballistics;  the 
reference  PTM  refers  to  Princeton  Technical  Mem¬ 
oranda  published  by  the  Princeton  University  Station 
of  Division  2,  NDRC.  The  number*  followiug  each  of 
these  references  refer  to  a  particular  issue  of  the  report 
Some  of  these  references  are  reports  of  original  re¬ 
search.  Others  are  studies  of  information  from  a  num¬ 
ber  of  reports  and  include  references  to  original 
sources. 

The  most  important  sources  of  information  for  each 


sheet  are  listed  below,  with  no  attempt  to  list  all 
sources.  Some  remarks  on  tha  method  of  analysis  used, 
sad  any  information  that  might  be  rueful  in'  extra¬ 
polating  the  information  to  new  weapons  or  in  nuk¬ 
ing  further  study  of  the  subject  an  included. 

Exnnaivsa  c' 

Sheet  IAI  eummarfsea  the  best  available  informa¬ 
tion  on  tho  properties  and  uses  ef  currently  used  high- 
explosive  [HE]  fillings  for  bombs  and  demolition 
charges.  Information  from  the  following  sources  was 
weed: 

1.  Toils  of  Military  High  Explosives,  Explosives 
Research  Memorandum  No.  10  (first  revision),  Kavy 
Department,  Bureau  of  Ordnanos. 

2.  Introduction  to  Explosives,  OSRD  Report  No. 
6401,  Division  8,  NDRC,  August  1946. 

A  Report  on  EBX  and  Tritonal,  OSRD  Report  No. 
6408,  Committee  on  Fillings  for  Aerial  Bombs,  Divi¬ 
sions  2  and  8,  NDRC,  July  1946 

4.  Informal  communication  from  Explosives  Re¬ 
search  Laboratory,  Bruceton,  Pa,,  Division  8,  NDHC, 
July  1940. 

Physical  Characteristics  or  Weapons 

Sheets  1A3,  lA8a\  lA3b,  lA3c,  lA3d,  lA4a,  lASe, 
lASb,  1AC*,  1A7#,  lA7b,  lCl  are  simple  tabulations 
of  the  physical  characteristics  of  weapons.  Sheets  giv¬ 
ing  characteristics  of  United  States  weapons  were  sub¬ 
mitted  to  the  relevant  Service  organizations  i>e?ore 
publication.  Those  listing  characteristics  of  foreign 
weapons  *.cre  checked  by  using  several  independent 
references  where  possible,  and  certainly  are  not  com¬ 
plete.  In  using  those  sheets  manufacturing  toloranoes 
must  be  allowed  for  and  it  mu*.  oe  remembered  that 
total  weights  and  weights  of  explosive  fillings  may 
vary  by  6  per  cent  from  the  values  given.  The  most 
important  references  for  physical  characteristics  of 
weapons  are  lilted  below. 

5.  Catalogue  of  Standard  Ordnance  Items,  Tech¬ 
nical  Division,  Office  of  tho  Chief  of  Ordnance,  U.  B. 
Amy.  Continuing  looseleaf  publication,  three  vol¬ 
umes  and  Limited  Procurement  Supplement. 

6.  Catalogue  of  Enemy  Ordnance  Material,  Oiftoo 
of  the  Chief  of  Ordnance,  U.  8.  Army.  Continuing 
looseleaf  publication. 

7.  United  States  Bombs  and  Fuses,  British  Bombs 
and  Fusts,  Enemy  Bombs  and  Fusts,  and  similar  pub¬ 
lications,  United  States  Navy  Bomb  Disposal  School, 
Washington.  Additions  and  revisions  issued  fre¬ 
quently. 
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8.  Advanced  F\ ue  and  Explosive  Ordnance  Bul¬ 
letin,  United  State*  Navy  Bomb  Disposal  School* 
Washington.  Published  monthly. 

9.  Intelligence  Bulletin,  United  State*  Navy  Bomb 
Diapoaal  School,  Washington.  Biweekly  publication. 

10.  Btmb  Disposal  Technical  Information,  Amy 
Service  Force*,  Ordnance  Department,  Ordnance 
Bomb  Diapoaal  Center,  Aberdeen  Proving  Ground, 
lid.  Semimonthly  pohUcatioa. 

11.  Technical  Mannala  leaned  by  tha  War  Depart* 
ment.  Manuals  an  published  on  a  variety  of  subject*. 
Pertinent  manuals  were  used  for  each  sheet. 

12.  Ordnance  Pamphlet*  tamed  by  the  Bureau  of 
Ordnance,  U.  S.  Navy.  Pamphlets  an  issued  for  vari- 
oua  weapons.  Pertinent  pamphlets  were  consulted  for 
each  sheet 

13.  Engineer  Intelligence  Bui  I  $  (ins.  Technical  In* 

tolligence  Branch,  Military  Intelligence  Division,  Of* 
flee  of  the  Chief  of  Engineer*.  Army  Service  Force*, 
U.  S.  Amy.  Several  bulletins  on  mines  and  demoli* 
tion  charges.  Bulletin  No.  3  and  revisions  tabulate 
dimension*  of  United  State*  and  foreign  mines  and 
demolition  chargee.  , 

Fxjoht  Data  roa  Boras 
Sheet  1B4  i*  baaed  on  calculations  of  the  trajectory 
of  bomb*  falling  in  a  vacuum.  These  calculation* 
neglecting  air  resistance  are  considered  as  accurate  as 
more  elaborate  calculation*  for  bombs  dropped  from 
altitndea  below  5,000  ft  The  equations  used  are  given 
on  the  sheet  Sheet*  1B5MB21  give  striking  veloc¬ 
ity  end  angle  of  impact  for  bomba  at  calculated  using 
ballistio  coefficients  and  condensed  bombing  tables 
furnished  by  tho  Ordnance  Department,  U.  S.  Army, 
end  the  Ballistic  Research  Laboratory,  Aberdeen  Prov¬ 
ing  Ground,  Md.  The  striking  velocities  were  deter, 
mined  by  plotting  the  etriking  velocity  as  absciesa  and 
the  reciprocal  of  the  balliatio  coefficient  for  timo  of 
flight  aa  ordinate,  value*  being  taken  from  condensed 
bombing  tables.  Separate  graphs  were  made  for  each 
plane  speed,  and  curves  were  drawn  on  the  graphs  for 
each  altitude.  Knowing  the  balliatio  coefficient  for  time 
of  flight  of  a  given  bomb  ae  a  function  of  altitude,  a 
curve  was  drawn  through  we  points  determined  by  the 
reciprocal  of  the  ballistio  coefficient  and  the  inter¬ 
section  of  this  value  with  the  corresponding  line  for 
each  altitude.  From  this  curve,  plotted  on  each  of 
the  graphs  described  above,  the  etriking  velocity  of 
the  bomb  dropped  from  any  altitude  at  any  horizontal 
plane  speed  could  be  determined.  A  similar  method 
was  used  for  determining  the  angle  of  impact,  plotting 


the  angle  of  fall  as  the  abed  sea  and  the  ledproeal  of 
the  ballistic  coefficient  for  range  as  ordinate,  values 
being  taken  from  condensed  bombing  tables.  Separate 
graphs  were  made  for  each  plane  speed,  and  lines  wets 
drawn  for  each  altitude.  The  procedure  described  above 
we*  followed  to  determine  the  angle  of  impact  of  the 
bomb  tor  various  combinations  of  altitude  and  plena 
spaed,  using  the  ballistic  coefficient  for  range  for  sack 
bomb.  The  result*  war*  used  la  drawing  the  sets  of 
curves  shown  on  tha  data  sheets.  The  accuracy  of  15 
par  cent  in  striking  velocity  end  4  degress  in  impact 
angle  la  due  to  in  accuracies  in  balliatio  coefficients  and 
not  to  inaccuracies  in  the  method  of  presentation. 

Congest*  Pensthatxon,  Scabbing, 

AND  PERFORATION 

Sheet  2A1  is  a  nomogram  of  the  equation 

where  *  is  the  penetration  measured  normal  to  the 
surface  in  inches,  d  it  the  projectile  diameter  in 
inches,  8  is  the  compressive  strength  of  the  concrete  as 
measured  by  cylinders  in  pounds  per  square  inch,  w 
is  the  weight  of  the  projectile  in  pounds,  7  is  the 
striking  velocity  of  the  projectile  in  feet  per  second, 
and  4  is  the  striking  obliquity  measured  from  the 
normal.  In  constructing  the  nomogram  a  graphical 
function  of  the  projectile  diameter,  which  is  very 
nearly  d*-m,  was  used  instead  of  d#  “*  given  in  tho 
equation.  A  graphical  function  of  the  obliquity,  based 
on  averaged  data  for  a  Urge  number  of  firinge  -  f  pro¬ 
jectile*  of  various  sizes  and  ahapei  was  used  for 

Sheet  2B1  is  bssed  on  the  nomogram  of  sheet  2A1 
and  the  relation  i/d  «  2.12  lMx/d,  where  x/d 
is  from  the  equation  above, « is  the  thickness  of  target 
that  can  just  be  scabbed,  and  d  is  the  projectile  diam¬ 
eter  ;  here  «,  x,  and  d  are  measured  in  the  same  units. 

Sheet  2C1  U  basod  on  tho  nomogram  of  sheet  2Al 
and  the  relation  e/d  =»  1.32  -j-  1.24x/d,  where  x/d 
is  from  the  equation  for  meet  2A1,  s  is  the  thickness 
of  target  that  can  be  perforated,  d  ie  the  projectiU 
diameter,  and  e,  x,  aud  d  are  all  measured  in  the  asm* 
units! 

The  equations  are  empirical  relations  based  on 
analysis  of  approximately  800  rounds  fired  in  tests 
of  87-mm,  i5-mm,  3  -in.,  156-mm,  12-in.,  and  16-in. 
armor-piercing  [AP]  projectiles,  and  about  75  rounds 
of  inert  bombs  dropped  on  rcinforced-concrete  tar¬ 
get*.  Data  are  from  the  following  eources: 

14.  Penetrolion  and  Explosion  Tests  on  Concrete 
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Slabs.  Report  l:  Data,  Interim  Report  No.  20  of  the 
Committee  oa  Passive  Protection  Against  Bombing, 
National  Research  Council,  January  1948. 

15.  Armor-Piercing  Projectile  Teste  on  Concrete 
Slabs,  San  Francisco  District  U.  S.  Engineer  Office 
at  the  direction  of  the  Chief  of  Engineers,  U.  S.  Amy, 
Kay  1942. 

16.  Report  of  Bomb  Tests  on  Materials  and  Struc¬ 
tures,  Pacaivo  Defense  Bulletin  No.  1,  War  Depart¬ 
ment, 'Office  of  the  Chief  of  Engineers,  September 
1941. 

17.  Armor-Piercing  Bomb  Test ,  Protection  Tests, 
Bulletin  No.  3,  War  Department,  Office  of  the  Chief 
of  Engineers,  1941. 

18.  Report  of  Bomb  Tests  on  Burster  Slabs,  Sec¬ 
ond  Sente,  Passive  Protection  Bulletin  No.  8,  War 
Department,  Office  of  the  Chief  of  Engineers,  Feb¬ 
ruary  1943. 

Since  these  sheets  were  published,  now  data  have 
been  obtained  and  a  revision  of  the  sheets  is  desirable. 
Analysis  of  recent  data  indicates  t’  at  the  relations 
used  in  sheets  2P!  and  2C1  for  scabbing  and  per¬ 
foration  should  be  s/d  —  2.28  -f-  1.13r/<i  and  e/d 
—  1.23  1.07?*/i  instead  of  tho  equations  given 

above.  Data  also  show  that  the  dopcndenca  of  pene¬ 
tration  on  the  strength  of  the  concrete  is  not  so  aim- 
plo  as  given  by  tho  equation  above,  that  the  aise  of 
the  aggregate  has  a  small  but  dofinite  effect  on  pene¬ 
tration,  that  the  effect  of  nose  shape  of  the  projoctile 
on  penetration  is  greater  and  moro  complicated  than 
indicated  by  the  correction  factor  of  Vs  used  in  tho 
penetration  equation,  and  that  if  a  larger  factor  is 
used  for  nose  effect  tho  exponent  of  velocity  in  the 
empirical  equation  is  greater  than  %.  Progress  has 
been  made  towards  a  theory  of  penetration  to  replace 
the  empirical  interpolation  formulas  used  for  tho 
nomograms  but  this  has  not  reached  a  satisfactory 
atage  at  present.  Tho  following  references  contain 
new  material  on  terminal  ballistics  of  concrete: 

19.  Effect  of  Concrete  Properties  on  Penetration 

Resistance,  Interim  Report  No.  27  of  the  Committee 
on  Fortification  Design,  National  Research  Council, 
July  1944.  ♦ 

20.  Ballistic  Tests  on  Concrete  Slabs,  Interim  Re¬ 
port  No.  23  of  tho  Committee  on  Fortification  Design, 
National  Research  Council,  July  1014. 

21.  Penetration  Theory:  Separable  Force  Lawe 
and  the  Time  of  Penetration,  NDRC  Report  No. 
A-333;  OSRD  Report  No.  5258,  Division  2,  NDRC, 
June  1945. 


Sheet  2Cls  is  bated  on  calculations  from  sheet 
tCl,  with  Mme  corrections  using  data  described  la 
the  preceding  paragraph.  Striking  velocities  and  ob¬ 
liquities  were  obtained  from  sheets  1B5MB10*. 
The  data  on  penetration  in  aoil  is  included  for  com¬ 
parison  purposes  and  is  taken  directly  from  sheet* 
2A2*  and  2A2a.  The  data  on  bomb  case  breakup  Was 
taken  from  reference  22.  The  values  for  perforation 
of  combination  targets  of  soil  and  concrete  were 
computed  by  the  method  described  in  reference  83, 
based  on  small-scale  test  data.  The  information  on 
bomb  case  breakup  and  on  perforation  of  composite 
target*  is  limited,  so  that  the  values  given  on  the 
sheet  should  be  treated  as  approximations. 

22.  Ballistic  Data  —  Performance  of  Ammunition, 
Technical  Manual  TM  9-1907,  War  Department, 
1945. 

23.  Composite  Slabs.  Interim  Memorandum  No. 

M-13  of  tho  Committee  on  Fortification  Design,  Na¬ 
tional  Research  Council,  July  1945.  •; 

The  crater  profiles  shown  in  sheet  2A3  are  copied 
directly  from  the  following  report: 

24.  Penetration  and  Explosion  Tests  on  Concrete 
Slabs.  Report  II:  Crater  Profiles.  Interim  Report 
No.  21  of  the  Committee  on  Passive  Protection 
Against  Bombing,  National  Research  Council,  Janu¬ 
ary  1943. 

Soil  Pk.vstjutiow 

Those  sheets  are  based  on  analyais  of  penetration 
tests  using  small-caliber  projectiles,  and  penetration 
data  for  inert  bombB  dropped  on  various  soils.  The 
graphs  in  sheet  2A2*  are  besed  on  an  empirical  re¬ 
lation  between  the  caliber  penetration,  x/d,  and  tha 
striking  velocity,  where  x  ia  tha  penetration  measured 
along  tho  path  of  tho  missile  and  d  ia  the  diameter  of 
the  missile,  both  measured  in  the  same  units.  It  was 
found  that  for  projectiles  having  different  caliber 
densities  (weight/diameter*)  the  caliber  panotrution 
«t  a  given  velocity  was  very  nearly  proportional  to 
the  cube  root  of  the  caliber  density  for  a  range  of 
caliber  dei  3ity  from  0.16  to  0.C5  lb  per  cu  in.  Thus 
penetration  is  approximately  proportional  to  the  cube 
root  of  the  projectile  weight,  as  shown  on  the  sheet. 
Tho  figures  givon  for  the  relation  bstween  tho  depth 
below  tho  surface  and  tbo  length  of  the  curved  un¬ 
derground  trajectory  are  bated  on  a  small  number 
of  measurements  of  actual  bomb  penetrations  and  a 
large  number  of  measurements  of  penetration  of 
smRil-calibcr  bullets.  These  figures  are  used  in  sheet 
2A2«,  and  aro  not  of  great  accuracy.  Changing  these 
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figure*  by  *5  per  cent  has  small  effect  on  the  penetra¬ 
tion  values  given  in  sheet  2A2a.  8heet  2 Alt  it  bated 
on  sheet  2A2*,  using  striking  velodties  from  various 
Altitudes  as  is  sheets  1B5*-1B9*.  The  data  and 
analysis  for  both  sheets  an  given  in  the  following 
reference: 

25.  Penetration  in  Soils,  Interim  Hr  port  No.  SC 
«f  the  Coomittes  os  Fortification  Design,,  National 
Research  Council,  July  1244. 

Rl  COCHIT 

Sheet  2A5  is  based  on  data  for  small-caliber  pro¬ 
jectiles,  medium  and  large  artillery  shells,  and  bomba 
dropped  from  low  altitude.  Using  the  impact  angle 
and  striking  velocity  aa  variables,  a  graph  was  made 
by  plotting  each  round  fired,  with  indioetion  to  show 
whether  ricochet  did  or  did  not  occur.  It  was  found 
that  a  band  could  be  drawn  separating  the  rcgiona 
of  ricochet  and  no  ricochet  for  each  material.  The 
data  are  for  ricochet  or  no  ricochet  from  thick  tar¬ 
gets.  Ricochet  from  steel  is  not  treated,  since  the 
limit  ia  between  ricochet  and  perforation  instead  of 
between  ricochet  and  penetration,  and  ia  therefore 
different  for  every  plate  thickness.  Most  of  the  rico¬ 
chet  data  are  from  the  following  sources: 

26.  Ricochet  Off  Land  Surfacu,  BRL  Report  No. 
535,  Ballistic  Research  Laboratory,  Aberdeen  Prov¬ 
ing  Ground,  McL 

27.  Ricochet  of  Bombs  Off  Various  Surfaces  When 
Released  at  300  Milts  per  Hour,  BRL  Report  No.  256, 
Ballistic  Research  Laboratory,  Aberdeen  Pro  ring 
Ground,  Md. 

28.  The  Ricochet  of  Bombs  —  Targets  on  Water, 
8ervice  Branch,  Technical  Division,  Office  of  the  Chief 
of  Ordnance,  War  Department 

29.  The  Connexion  between  Striking  Velocity  and 
Ricochet  Angle  at  Low  Striking  Velocities,  Twenty- 
fifth  Interim  Report  on  Concrete  for  Defence  Works, 
Road  Research  laboratory,  Ministry  of  Supply  (Brit¬ 
ish)  .  Note  No.  M08/433/ACW. 

30.  Bal'.istio  Tuts  on  Concrsts  Slabs,  II:  Effect 
of  Note  Shape,  NDRO  Report  No.  A-388,  JSRD  Re¬ 
port  No.  6109,  Division  2,  NDRG. 

See  also  references  14,  20,  snd  24. 

Plastic  Pnorxcnov 

Sheet  2C2  ia  baaed  on  British  and  American  data 
on  the  performance  of  plastic  amor  in  stopping 
small-caliber  bullets.  These  data  were  used  to  deter¬ 
mine  the  thickness  plastic  protection  required  for 
“adequate  protection”  (5  per  cent  or  lest  of  the  bul¬ 


lets  perforating).  Most  of  the  data  cam*  from  the 
following  reports 

SL  On  the  Probability  of  Perforation  of  Plattle 
Protection  by  Caliber  JtO  AP  Jf-f  Bullets,  NDRO 
Report  No.  A-246,  OSRD  Report  No.  8281,  Division 
2,  NDHC,  February  1944. 

Ancon  Pmoiahox;  Mod  8txkl  Pnios atoms 

Sheets  2C3,  2C3a,  2C4,  2C5\  2CSa,  2C6,  2Q7, 
and  2C8  are  baaed  on  empirical  relations  between  the 
scaled  variables  e/d  and  (w/d*)  V*,  where  *  is  the 
thickness  of  plate  perforated  in  inches,  d  is  the  diam¬ 
eter  of  the  projectile  in  inches,  «  is  tha  weight  of 
the  projectile  in  pounds,  and  F  U  tha  striking  velocity 
of  the  projectile  in  fpa.  For  email-caliber  jacketed 
bullets,  projectiles  with  ctp  or  windshield  which  come 
off  on  impact,  or  tungsten-carbide  oored  projectiles, 
w  and  d  are  the  weight  and  diameter  of  the  core,  or 
part  of  tha  projectile  which  penetrates  the  plate.  An 
attempt  wee  made  to  find  an  empirical  equation  re¬ 
lating  the  variables,  but  the  reeulta  were  unsatisfac¬ 
tory.  The  sheets  show  the  experimental  data  in  the 
form  of  bands  which  include  moat  of  the  data  for 
projectiles  perforating  without  shatter  .of  the  missile. 
The  curves  for  individual  weapons,  given  in  aheete 
2C3a  and  2C5a,  end  at  tha  combination  of  plate 
thickness,  striking  volocity,  and  obliquity  at  which 
shatter  or  body  broskup  begins.  The  other  sheets  are 
averages  of  a  large  quantity  of  data  for  various  pro¬ 
jectiles  and  bombs,  and  the  shatter  limit  ia  obscured 
by  the  method  of  presentation.  Tha  references  for  aU 
sheets  are  listed  below.  References  32-36  are  for  sheet 
2C8;  reference  36  is  for  sheet  2C3a;  reference*  37 
and  88  are  fsr  sheet  2C4;  references  39  and  40  are 
for  aheet  2U6* ;  sheet  2Cfia  ia  bassd  on  an  earlier  edi¬ 
tion  of  reference  40  and  should  be  revised j  refer¬ 
ences  41-46  are  for  sheet  2C6;  references  47  end 
48  ere  for  sheet  2C7;  references  49  and  50  are  for 
aheet  2C8. 

88.  Mechanism  of  Armor  Perforation  —  2nd.  Par* 
tial  Report ,  Watertown  Arsenal  Report  710/492,  May 
1948. 

83.  Penetration  of  Homogeneous  Armor  by  Un¬ 
capped  Projectiles  at  0°  Obliquity,  Naval  Proving 
Ground  Report  1-43,  U.  8.  Naval  Proving  Ground, 
Dahigren,  Va.,  April  194 A 

34.  Armor  Penetration  Data,  Armor  Penetration 
Graphs.  Canadian  Military  Headquarters, ,  Depart¬ 
ment  of  National  Defense,  1948. 

85.  Bullistio  Tuts  of  8T8  Armor  Platt  Using 
37 -mm  Projectiles,  NDRO  Report  No.  A-156,  BalUs- 
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tie  Rasoarvh  Group,  Princeton  University  Station, 
Division  8,  NDKC,  March  1943. 

88.  Armor  Ptrforation  Curves,  Ballistic  Section, 
Technical  Division,  Office  of  the  Chief  of  Ordnance, 
U.  S.  Army.  Moat  of  these  curves  are  also  published 
in  reference  28. 

87.  Armor-Piercing  Bullet  Caret,  Watertown  Ar¬ 
senal  Report  No.  762/203,  May  1943. 

88.  Seventh  Portia 1  Report  on  Light  Armor  Inves¬ 
tigation,  and  Eighth  Partial  Report  on  Light  Armor, 
Naval  Research  Laboratory  Reports  No.  0-1800  and 
0-1745,  U.  S.  Naval  Research  Laboratory. 

89.  Compilation  of  Data  Resulting  from  Trialt  to 
Determine  the  Explosive  Effects  of  Aircraft  Bombt 
and  Means  of  Protection  Therefrom,  Research  Depart¬ 
ment,  Woolwich,  England,  October  1988. 

40.  Amor  Perforation  by  Gertie#  Bombt,  BuOrd 
Sketch  No.  124400,  Rev.  B.,  U.  S.  Navy  Department, 
Bureau  of  Ordnance,  1944. 

41.  High-Velocity  Armor-Piercing  Ammunition, 
Ordnance  Department,  U.  S.  Army,  August  1944. 

42.  High-Vefodty  Development,  Ordnance  Depart¬ 
ment,  U.  S.  Army,  Octobor  1943. 

43.  Proving  Center  Firing  Record  P-3S10i,  Ord¬ 
nance  Program  5068,  Aberdeen  Proving  Ground,  Md. 

44.  S.  D.  Technical  Artillery  Report  No.  81,  Ca¬ 
nadian  Military  Headquarters,  June  1943. 

45.  Trials  Carried  out  in  Connection  with  A.T.DJJ. 
Projects  Number  6  and  7,  Army  Technical  Develop¬ 
ment  Board,  Canada,  1944. 

48.  Ordnance  Board  Procesdir.gt  (British),  Nos. 
QOS,  Q1471,  Q1646,  Q1713,  Q1834,  Q1838,  Q1953, 
Q2621,  26242. 

47.  Tactical  and  Technical  Trends,  No.  17,  Mil¬ 
itary  Intelligence  Division,  War  Department,  Wash¬ 
ington,  January  1948. 

48.  Ordnance  Board  Proceedings  (British),  Nos. 
Q1834,  26483. 

49.  Second  Partial  Report  on  Light  Armor  Inves¬ 
tigation,  Naval  Research  Laboratory  Report  No. 
0-1429,  U.S.  Naval  Research  Laboratory, March  1940. 

CO.  The  Ballistic  Properties  of  Mild  Steel,  NDRC 
Report  No.  A-lll,  Ballistic  Research  Group,  Prince¬ 
ton  University  Station,  Division  2,  NDRC, 

Am  Blast 

Sheets  3A1,  3A2*,  and  3A2a  are  based  on  analysis 
of  a  large  quantity  of  data  from  various  tests  of  ex¬ 
plosives.  Individual  sets  of  data  were  taken  from  .» 
number  of  references,  and  the  separate  references  are 


not  listed  here.  AH  data  for  pressure  or  impulse  were 
averaged  for  the  sheets.  The  data  for  pressure  were 
compared  by  relating  the  pressure  P  in  psi  to  the  scaled 
distance  from  the  charge  r/«e*,  where  r  is  the  distance 
in  feet  and  w  is  the  charge  weight  in  pounds.  The 
data  for  impulse  were  compared  by  relating  the  scaled 
impulse  1/te*  to  the  scaled  distance  from  the  charge 
r/wi,  I  being  the  impulse  is  pound-milUaeoonds  per 
square  inch  and  the  other  variables  as  above.  The 
e Sects  of  different  types  of  explosive  were  taken  into 
account  by  means  of  multiplicative  factors,  baaed  on 
equivalent  weight  of  explosive.  The  effect  of  the  bomb 
case  on  impulse  is  described  in  sheet  3A2a  and  in  ref¬ 
erence  52  below.  The  effect  of  the  bomb  case  on  peak 
pressure  has  not  been  determined. 

Sheet  3A1  is  a  nomogram  of  the  equation 

P  =  4120*-*  —  105a-*  -f  39.5ar\ 

where  P  is  the  pressure  in  psi  and  t  r/vA,  r  being 
the  distance  from  the  explosion  in  feet  and  u  being 
tho  weight  of  explosive  in  pounds.  This  equation  is 
based  on  averaging  a  largo  number  of  pressure  meas¬ 
urements,  all  made  prior  to  June  1943,  on  bombs 
filled  with  various  explosives  and  detonated  on  the 
ground.  When  this  is  compared  to  recent  prcaoure-dis- 
tanoe  curves  obtained  from  explosion  of  small  bare 
TNT  charges  in  tho  sir  it  is  found  to  predict  pressures 
which  are  lowrr  than  those  that  would  be  expected  if 
ground  detonation  u  taken  into  account  by  replacing 
tho  weight  of  charge  by  twice  the  weight  used  for  tho 
freo  air  curve.  The  amount  by  which  the  nomogram 
is  lower  than  the  values  predicted  from  the  freo  air 
curve  varies  with  the  distance  from  tha  bomb  from 
50  per  cent  at  s  —  10  to  3  per  cent  at  *  =  30. 
In  view  of  the  fact  that  tho  peak  pressure  is  different 
for  different  explosives  and  that  there  may  be  an  effect 
of  the  bomb  caso  thicimess  on  pressure,  the  difference 
in  shape  or  the  pressure-distance  curvo  given  by  the 
nomogram  and  the  pressure-distance  curve  given  by 
the  bare  TNT  charges  is  not  unexpected,  since  tiro 
nomogram  is  based  on  simplo  averaging  of  measure¬ 
ments  involving  various  types  of  explosive  in  cases  of 
various  thickness. 

A  pressure-distance  curve  for  bare  TNT  charges  is 
given  iu  the  upper  figure  of  sheet  3A9. 

Experiments  using  email  baro  charges  of  various 
oxplosivcs  indicate  that  the  pressures  due  to  detona- 
tion  of  equal  weights  of  various  explosives  have'  the 
following  relative  values:  torpox  2,  1.15  j  HBX,  1.13; 
minol  2,  1.09;  Composition  B  (RDX/TNT  60/40), 
1.03; tritonal,  1.07; TNT,  1.00;  amatol  (60/50), 0.93. 
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Sheet  8A2*  and  sheet  8AS*  an  bawd  on  the  equa¬ 
tion*  given  on  the  sheets.  The  equations  ere  baaed  on 
averaging  a  Urge  quantity  of  data  for  cbargea  deto¬ 
nated  on  the  ground.  The  offect  of  explosive  type  on 
impulse  and  on  pressure,  the  dependence  of  preaaure 
and  impulaa  on  distance,  and  the  effect  of  the  bomb 
eaw  an  impulse  axe  discussed  in  the  following  papers. 

51.  8maU  Charge  dir  Bloat  Experiments,  NDRC 
Beport  No.  A-l&l,  OSBD  No.  1618,  Diviaion  2, 
NDBO,  June  1843. 

62.  DepeAdcnce  of  Positive  Impulse  of  BUut  on 
Charge-Weight  Ratio,  AES-4,  OSBD  No.  4356,  Air 
and  Barth  8hock,  VoL  4.  p.  43,  Diviaion  2,  NDBC, 
November  1844. 

63.  Relation  between  Poeitivo  Blast  Impulse  and 
Charge-Weight  Ratio  for  Bombs ,  AE3-4,  OSBD  No. 
4366,  Air  and  Earth  Shock,  Vol.  4,  p.  61,  Division  2, 
NDBC,  November  1944. 

64.  Order  of  Effectiveness  of  Explosives,  IV, 
AES-6,  OSBD  No.  4649,  Air  and  Earth  8hock,  Vol 
4,  p.  1,  Diviaion  2,  NDBC,  January  1945. 

65.  The  Air  BUut  Performance  of  Some  High  Ex¬ 
plosives,  AES-7,  OSBD  No.  4754,  Air  and  Earth 
Shock,  Vol.  7,  p.  9,  Division  2,  NDRC,  February  1945. 

8heet  3A3  gives  a  curve  for  the  relation  between 
side-on  and  face-on  blast  preeiures  in  air.  Thia  curve 
is  calculated  from  the  requirement  that  the  velocity 
imparted  to  the  gas  particles  by  the  oncoming  wave  is 
just  cancelled  by  the  velocity  imparted  by  tho  reflected 
wave.  The  value  of  these  velocities  may  be  found  from 
the  Bankine-Hugoniot  equations,  which  give,  among 
other  things,  particle  velocities  as  a  function  of  pres¬ 
sure.  (See  for  instance,  Aerodynamio  Theory ,  edited  by 
W.  F.  Durand.  Diviaion  H  by  O.  I.  Taylor  and  J.  W, 
MaccolL  J.  Springer,  Berlin.  1935.) 

Contact  Explosions 

Sheet  8A4  was  prepared  directly  from  reforence  56, 
which  describes  measurements  of  the  impulse  due  to 
exploalon  of  small  charges  of  various  shapes  in  contact 
with  an  impulse  pendulum.  v 

66.  Impulse  Delivered  to  a  Plane  Slab  by  a  Contact 
Explosion,  II,  AES-13d,  08RD  No.  5506d,  Air  and 
Earth  Shock,  Vol  18,  p.  41,  Division  2,  NDRO, 
August  1945. 

Com  End  Chaboks 

Sheet  3A5  wee  prepared  on  the  basis  of  the  available 
experimental  data  on  penetration  and  perforation  of 
reinforced-concrete  slabs  by  cons  end  hollow  charges 
detonated  under  controlled  conditions.  An  attempt  to 


correlate  the  data  was  made  by  plotting  the  depth  of 
penetration  aa  a  function  of  the  weight  of  explosive 
used,  on  log-log  psper  as  shown  on  the  sheet  The 
straight  line  giving  a  best  fit  to  the  data,  aa  determined 
by  the  method  of  least  squares,  has  a  slope  of  0.43. 
Ills  large  scatter  in  the  data  is  such  that  thia  it  not 
aignificantly  different  from  the  value  of  H  for  tho  dop% 
given  by  model  laws.  An  attempt  to  reduce  the  scatter 
in  the  data  by  finding  correlations  with  other  variables 
such  aa  type  of  explosive,  thickness  and  material  of 
cone  liner,  and  cone  angle  failed.  References  used 
include: 

57.  Shaped  Charges  for  the  Perforation  of  Concrete, 
Eastern  Laboratory,  Explosives  Department,  E.  I. 
duPont  de  Nemours  St  Co.,  Inc.,  Gibbstown,  N.  J., 
May  1948. 

68.  Theory  and  Application  of  the  Cavity  Effect, 
Report  for  November  1948,  E.  I.  duPont  de  Nemoun 
A  Co.,  Inc.,  December  1948. 

69.  Sixth  Interim  Report  on  Demolition  of  German 
Pillboxes,  Boad  Research  Laboratory,  Ministry  of 
Supply  (British),  April  1942. 

60.  Fourth  and  Final  Report  on  Demolition  Tuts 
on  Concrete  Bridge  Piers,  Road  Research  Laboratory, 
Ministry  of  Supply  (British),  August  1942. 

Sheet  3A6  is  based  on  reference  61.  The  sheet  is 
essentially  an  abstract  of  the  reference. 

61.  Performance  of  Ilollow-Charge  Weapons,  OTB- 
12f,  OSBD  .No.  6360f,  Ordnance  and  Terminal  Ballis¬ 
tics,  Vol.  12,  Division  2,  NDRC,  July  1946. 

Ernci  or  Ain  Bubst  on  Blast 
Sheets  3A7,  3A8,  and  8A9  ere  based  on  experimen¬ 
tal  studies  of  small  bare  charges  and  of  bombs  deto¬ 
nated  at  various  heights  above  ground.  The  sheets  are 
based  on  the  following  references.  Somo  of  tho  graphs 
given  in  the  sheet*  are  based  on  new  adjustments  of 
data  given  in  the  references. 

62.  The  Effect  of  Air  Buret  on  the  Blast  from 
Bombs  ami  Small  Chargee:  I.  Experimental  Results, 
03RD  Report  No.  4246,  Underwater  Explosive*  Re¬ 
search  Laboratory,  Woods  Hole,  Mass.,  with  collabora¬ 
tion  from  Stanolind  Oil  and  Qas  Company,  Tnlsa, 
Okie.,  Division  8,  NDRC,  October  1944. 

63.  The  Effect  of  Air  Buret  on  the  Blast  from 
Bombs  and  Small  Chargee:  II.  Analysis  of  Experi¬ 
mental  Results,  NDRC  Report  No.  A-320,  OSRD  No. 
4899,  Division  2,  NDRO,  April  1945. 

64.  Air  Burst  for  Blast  Bombs,  NDRC  Report  No. 
A-322,  OSRD  No.  4943,  Division  2,  NDRC,  April 
1946. 
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65.  The  Effect  of  Height  of  Bunt  on  ikt  Blast 
Characteristic*  from  67*15  Bart  Cylindrical  Charges 
cf  RDX/TNT  60/10,  AllD  Explosive*  Beport  16/45, 
Armament  Research  Deportment,  Ministry  of  Supply 
{British),  February  1945. 

66.  Peak  Pressure  Dependence  on  Height  of  Deto- 
nation,  AES-I,  OSRD  No.  4076,  Air  and  Earth 
Shock,  VoL  1,  p.  1,  Division  2,  NDBC,  August  1944. 

67.  Impulse  Dependence  on  Height  of  Detonation, 
AES-2,  OSUD  No.  4147,  Air  and  Earth  Shock,  Vol. 
I,  p.  17,  Division  2,  NDBC,  September  1944. 

68.  Hack  Reflection  of  Shock  Wave*  from  Charges 
Detonated  in  Air,  AES-3,  OSRD  No.  ,4257,  Air  and 
Earth  Shock,  Vol.  3,  p.  17,  Division  2,  NDBC,  Oc¬ 
tober  1944. 

69.  The  Effect  of  Height  of  Detonation  on  Peak 
Pressure  and  Positive  Impulse  Measured  Close  to  the 
Ground,  AES-5,  OSRD  No.  4514,  Air  and  Earth 
Shock,  Vol.  5,  p.  49,  Division  2,  NDBC,  Docember 
1944. 

70.  Dependence  of  Optimum  Impulse  on  Height  of 
Gauge  in  Air  Burst,  AEa-Oc,  OSRD  No.  GOUc,  Air 
and  Earth  Shock,  Vol.  9,  p.  17,  Diviaion  2,  NDBC, 
April  1945. 

Ukdehoboond  Explosions 

Sheet  3Bla*  ia  baaed  on  analysis  of  a  large  amount 
of  data  for  craters  formed  in  various  soils  by  explo¬ 
sive  charges  rangiug  from  a  fraction  of  a  pound  to 
more  than  3,000  lb.  The  vurlablca  used  in  plotting  the 
data  were  suggested  by  model  theory.  Separate  graphs 
wore  mtdo  for  each  soil,  und  although  there  was  a 
largo  scatter  in  the  data  a  smooth  curvo  was  drawn 
for  each  sot  of  data.  Tito  Anal  curves  ore  shown  on 
sheet  3Bla*.  Data  wore  taken  from  a  large  number  of 
reports,  and  moat  of  tho  mnunurements  ara  of  individ¬ 
ual  craters  made  in  tests  for  purposes  other  than  the 
study  of  erstering.  Since  moat  of  the  sources  list  only 
a  fow  craters,  individual  references  aro  not  listed  here. 
Reforence  71  describes  oxloi'uivo  tests  of  cratering  by 
100-  and  l,00O-lb  general-purpose  [GP]  bombs.  The 
other  references  describe  tests  made  with  small  charges 
to  determine  the  effect  of  different  types  of  explosive 
and  tho  effect  of  chargo  shape  on  crater  dimensions. 

71.  Supplementary  Test  of  Selection  of  Bombs  and 
Fuzes  for  Bombardment  2 'argets,  AAF  Proving 
Ground  Command,  Project  No.  4249C471.8,  the 
Army  Air  Forces  Boord,  Dccomber  1944. 

72.  Effect  of  Charge  Shops  ajxi  Orientation  on 
Cratering  in  Soil,  AE3-3,  OSRD  No.  4257,  Air  and 


Earth  Shock,  VoL  3,  p.  1,  Division  k,  NDBC,  Oc¬ 
tober  1944. 

73.  Weight  of  Material  Required  to  FtR  Bomb 
Craters  (Model  Experiments),  BEL  Beport  No.  488, 
Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  Md*  September  1944. 

74.  The  Comparative  Performance  of  Va.-icue 
Bomb  Fillings— Crater  and  Earthehocle  Effects.  Part 
/,  REN  452,  Research  and  Experiments  Department, 
Ministry  of  Home  Security  (British). 

75.  The  Order  of  Effectiveness  of  Various  Explo¬ 
sives  in  Earth,  AES-18b,  OSRD  No.  5506b,  Air  and 
Earth  Shock,  VoL  18,  p.  13,  Division  2,  NDRC, 
August  1945. 

Sheet  SBlb  gives  diameter  of  craters  formed  by 
detonation  of  line  ch&rges  on  the  surface  of  the  ground. 
Data  from  a  number  of  tests  were  correlated  by  moans 
of  the  scale  factor  ui*  suggested  by  model  theory.  Tbo 
analysis,  data,  and  sources  of  data  are  given  in  ref¬ 
erence  76. 

78.  Cratering  by  Line  Charges,  AES-13a,  OSRD 
No.  5500a,  Air  and  Earth  Shock,  Vol.  18,  pp.  1,  Divi¬ 
sion  2,  NDRC,  August  1945. 

Sheet  3B2  gives  earth  displacements  due  to  under¬ 
ground  explosions,  based  on  analysis  of  a  large  num¬ 
ber  of  tests  on  bombs  and  bare  charges.  The  data  were 
plotted  in  terms  of  the  model-law  variables  u/wl  and 
r/ud  where  u  is  the  displacement,  r  is  the  horizontal 
distance  from  the  explosion,  and  w  ia  the  weight  of 
explosive.  Separate  curves  wore  obtained  for  the  maxi¬ 
mum  transient  horizontal,  maximum  transient  vor¬ 
tical,  porraanent  horizontal,  and  permanent  vertical 
displacements.  The  ponnauent  displacements  wero  de¬ 
termined  by  measuring  the  displacement  of  stakes  in 
the  ground.  The  transient  displacements  were  meas¬ 
ured  by  photographing  the  motion  of  a  lamp  fastened 
to  a  stake,  or  by  U3ing  an  inertia  trolloy.  Data  for 
charges  at  emnll  depths  showed  appreciable  departure 
from  the  other  values,  and  data  for  detonations  in 
chalk  gavo  smaller  displacements  than  thoto  observed 
in  clay  soil.  Only  the  data  for  charges  buried  deeper 
Gian  l.lw*  in  clay  soil  were  used.  Tho  data  came  from 
tbo  following  sources : 

77.  Earth  Movements  Dus  to  Explosions,  Data 
Compilation  Nd.  14,  Research  and  Experiments 
Branch,  Ministry  of  Home  Security  (British),  Feb¬ 
ruary  1940. 

78.  Earth  Movement  Due  to  50-lcg  Bombs  Exploded 
in  Clay  Soil  at  Richmond  Park,  BC  328,  Road  Re¬ 
search  Loboratory  Report  to  the  Ministry'  of  Homo 
Security  (British),  May  1942. 
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TO.  Barth  Movements  in  Different  Directions  Dus 
to  Explosion  of  Buried  SO-kg  Bombs  in  Clog  Soil,  BO 
314,  Road  Research  Laboratory  Report  to  the  Min- 
iatry  of  Home  Security  (British),  February  1048. 

80.  Earth  Movements  Dus  to  German  Bombs  Ex¬ 
ploded  Below  Ground,  BC  259,  Road  Research  Labo- 
'  ratory  Report  to  the  Ministry  e i  Heme  Security  (Brit¬ 
ish),  August  194L 

81.  Earth  Movement  Dus  to  German  and  British 
Bombs  Exploded  Below  Ground,  BC  153,  Road  Re¬ 
search  Laboratory  Report  to  the  Ministry  of  Home 
Security  (British),  November  184% 

88.  Earth  Movements  Dus  to  iSG-kg  Bombs  Ex- 
ploded  in  Clap  Soil,  RC  818,  Road  Research  Labora¬ 
tory  Report  to  the  Ministry  of  Home  Security  (Brit¬ 
ish),  February  1948. 

88.  Earth  Movement  Due  to  German  950-leg  Bombs 
Exploded  Below  Ground  an  Chalk  Soil ,  RC  318, 
Road  Research  Laboratory  Report  to  the  Ministry  N 
of  Home  Security  (British),  Februsry  1948. 

84.  Earth  Movements  Dus  to  Buried  Standard 
Charges,  RC  416,  Road  Research  Laboratory  Report 
to  the  Ministry  of  Supply  (British),  November  1943. 

Sheet  3B3*  gives  nomograms  for  the  pressure  end 
impulse  underground  duo  to  explosions  underground. 
The  nomograms  ere  based  on  extensive  tests  of  under¬ 
ground  explosions  described  in  reference  85.  Values 
of  the  soil  constants  are  from  reference  86.  Factors 
for  pressure  and  impulse  due  to  explosive!  other  than 
TNT  are  from  reference  87.  A  recent  series  of  teats  on 
the  pressure  and  impulse  at  different  depths  due  to  ex¬ 
plosions  at  various  depths  is  described  in  reference  88. 

85.  Effects  of  Underground  Explosions  (in  three 
volumes),  Interim  Report  No,  26,  Committee  on  For¬ 
tification  Design,  National  Research  Council,  June 
1944. 

86.  The  Seismic  Method  of  Explorations  Applied 
to  Construction  Projects,  Military  Engineer,  Septcm- 
ber- October  1989. 

87.  The  Order  of  Effeclivensts  of  Various  Explo¬ 
sives  in  Earth,  AKS-13b,  OSBD  No.  5508b,  Air  and 
Earth  Shock,  Vol.  13,  p.  18,  Division  2,  NDBG, 
August  1945, 

88.  Final  Report  on  Effects  of  Underground  Ex- 
plosivee,  C.  W.  Lamp&on,  OSRD  No,  6645,  NDRO 
Report  No.  A  479,  submitted  on  February  20,  1948, 
and  approved  March  1946. 

TJ kdkb waTxn  Explosions 

The  nomogram  given  on  sheet  3C1  is  taken  directly 
from  reference  89.  Data  sheet  8C2  was  prepared  from 


• 

materia!  is  references  80  and  91,**  described  on  the 
sheet. 

89.  Underwater  Explosives  and  Explosions,  Bo- 
port  UE-16,  p.  3,  Division  8,  NDBC,  December 
1843. 

8%  Theory  of  the  Pulsations  of  the  Gas  Bubble 
Produced  bg  an  Underwater  Explosion,  Report  No. 
C4-ar8 0-010,  Columbia  University,  Division  of  Na¬ 
tional  Defense  Research,  New  London,  Conn.,  Octo¬ 
ber  1941. 

9L  On  the  Best  Location  of ‘a  Mins  Near  the  Sm 
Bed,  AMP  Report  37.1R,  Applied  Mathematics 
Group,  New  York  University;  Applied  Ha  theme  tios 
Panel,  NDBC,  May  1944. 

Ihpoxss  CmrsmoN— Dskiob  Lbvxls 

The  method  of  analysis  used  in  arriving  at  the  con¬ 
clusions  given  in  sheet  6A0  is  described  in  the  sheet. 
The  sheet  is  based  on  tbs  references  listed  below.  A 
discussion  of  the  impulse  criterion  may  be  found  in 
pages  17-84  of  reference  64. 

98‘.  House  Damage  by  UE  Weapons  Acting  bg 
Blast,  REN  214  Revised,  Research  and  Experiments 
Department,  Ministry  of  Home  Security  (British), 
March  1944. 

93.  A  Modification  of  ihs  Impulse  Criterion  for 
Blast  Damage,  BC  349,  Research  and  Ex  x  runenta 
Department,  Ministry  ot  Home  Security  (British), 
September  1948. 

V uLKKiLUtf lot  op  Coktonxnts  or  Stbuctums 

Sheet  CAls*  and  6Alb*  are  based  on  analyst-  of 
column,  damage  taken  from  reports  of  building  dam¬ 
age.  The  data  for  various  incidents  wore  correlated  by 
plotting  tbs  scaled  distance  from  the  explosion  u 
abscissa  and  the  index  of  column  slenderness  and 
aspect  es  ordinate  end  separating  the  plotted  values 
corresponding  to  different  degrees  of  damage,  as 
shown  on  the  sheet.  The  index  of  sleudornesa  end  as¬ 
pect  is  defined  as  the  area  of  cross  sootion  of  the  ool- 
umn  material  divided  by  the  free  area  of  the  cblnmn 
exposed  directly  to  the  blast.  This  definition  is  sug¬ 
gested  by  a  seuiiqnautitative  theory  which  ascribes 
the  damage  to  air-blast  impulse,  with  the  blast  wave 
assumed  to  act  for  the  longth  of  time  required  for 
the  diffracted  wave  to  make  its  way  around  the  col¬ 
umn.  Data  are  from  the  following  references: 

84.  Effect  of  German  EE  Bombe  on  Industrial 
Structures,  REN  224,  Ministry  of  Home  Security 
(British,',  May  1948. 

95,  Damage  to  Single  Story  Buifdingt,  B.E.  4, 
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Data  Compilation  No,  8,  Ministry  of  Homo  Security 
(British),  May  1941. 

96.  Air  Raid  Damage  Report  —  Delphi*  Court 
Flail ,  Ministry  of  Home  Security  (British),  Novem- 
her  194a 

97.  Air  Raid  Damage  Report,  Serial  No.  Ch,  Mils 
iatry  of  Home  Socurity  (British),  1941. 

98.  Blast  Effect  of  Bomb  on  Slttleorh,  RJ5.  4, 
Data  Compilation  No.  17,  Ministry  of  Home  Security 
(British). 

99.  Damagt  to  R.  C.  Framed  Buildings,  Data  Com* 
pilation  No.  88,  Ministry  of  Home  Security  (Brit- 
ish),  February  1948, 

Sheet  6A2  is  based  on  examination  of  data  on  bomb 
damage  to  British  buildings.  The  data  show  a  rough 
correlation  between  the  area  of  concrete  floor  slab 
removed  and  the  location  and  size  of  the  bomb.  For  a 
given  bomb  size  it  was  found  possible  to  make  sepa- 
rate  analyses  of  the  data  for  area  of  floor  destroyed 
for  the  floors  adjacent  to  the  bomb,  the  floor  next 
above  or  belovr  the  bomb,  and  the  third  floor  above  or 
below  tho  bomb.  The  separate  curves  are  shown  on 
the  sheet.  The  curvo  labeled  total  area,  all  floors  is 
twice  the  sum  of  the  area  given  by  the  three  curves 
for  individual  floors.  A  recent  analysis,  made  since 
publication  of  the  sheet,  shows  that  although  the  three 
lower  curves  represent  th  data  very  well,  tho  damage 
is  not  alwrys  symmetrical  above  aud  below  the  bomb, 
and  the  curve  for  the  total  aroa  of  all  floora  docs  not 
tit  all  incidents.  This  later  analysis  indicates  that  a 
better  approach  to  the  problom  might  be  made  by  cor¬ 
relating  the  volume  made  unuaablo  with  the  weight 
of  explosive.  If  the  volume  destroyed  ia  determined  aa 
the  height  of  each  story  multiplied  by  the  area  of  do- 
atruction  of  tho  floor  immediately  above  or  below, 
whichever  ia  greater,  these  separate  volumes  being 
summed  for  tho  entiro  building,  then  the  relation 

V  =  140w  fits  the  data  very  well,  where  V  is  the  volume 
destroyed  and  to  ia  the  weight  of  explosivo  in  the 
bomb.  For  American  GP  bomba  this  relation  becomes 

V  =  70  IF,  whero  TP  is  the  weight  of  the  bomb.  Data 
on  destruction  of  floor  slabs  by  HE  bombs  may  be 
found  in  the  following  references; 

100.  Air  Raid  Damagt  Report,  Serial  No.  Ah, 
Ministry  of  Home  Security  (British),  February  1943, 

101.  Air  Bat'd  Damagt  Report,  Serial  No.  Cl, 
Ministry  of  Home  Security  (British),  February  1943. 

102.  Air  Raid  Damagt  Report,  Serial  No,  C8, 
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104.  Damage  to  Steel  Framed  Buildings,  P..B.  4, 
Data  Compilation  No.  86,  Ministry  of  Home  Security 
(British),  February  1948. 

105.  Model  (Vs  scale)  and  FulUScats  Tests  of 
Resistance  of  Reinforced  Ccncrt'e  to  Attack  by  Bombs 
Nearby  and  in  Contact ,  BC  °ob,  Boad  Research  Lab¬ 
oratory  Report  to  the  Ministry  of  Home  Security 
(British),  September  194*. 

106.  Interim  Report  of  d  Portion  of  Bomb  Test » 
Conducted  by  the  Ordnance  Department  on  the  Rein* 
forced  Concrete  Test  Structure  at  Area  H,  Gunpoun 
der  Neck,  Aberdeen  Proving  Ground,  lid..  Corps  of 
Engineers,  t.  S.  Army,  December  1948. 

See  also  references  96,  97,  and  99. 

Sheet  6A3*  is  baaed  on  analyst!  of  available  in¬ 
cidents  of  explosions  inside  and  outside  steel  framed 
factory-type  buildings.  The  maximum  radius  of  re- 
mov  of  roofing  was  plotted  as  a  function  of  the  weight 
of  explosive  in  the  bomb  for  both  asbestos  cement  and 
sheet  steel  roofing.  It  waa  found  possible  to  draw 
separate  curves  for  internal  and  external  explosion 
for  each  type  of  roofing,  as  shown  on  the  sheet.  The 
second  graph  on  the  sheet  is  a  sure  detailed  study 
of  tha  effort  of  a  German  50-kg  SO  bomb  on  the 
roofs  of  buildings  of  different  size.  Data  were  from 
the  following  sources: 

107.  Damage  to  Light  Roofing  and  Walling  Mate - 
rials,  R.E.  4,  Data  Compilation  No.  8,  Ministry  of 
Home  Security  (British),  May  1948. 

108.  Damagt  to  Waite,  R.E.  4,  Data  Compilation 
No.  10,  Ministry  of  Home  Security  (British),  May 
1943. 

109.  Variations  in  the  Behavior  of  Factory  Roof 
Sheetings  Subject  to  Blast,  REN  220,  Research  and 
Experiments  Department,  Ministry  of  Home  Security 
(British),  May  1043. 

Sheets  6 A  5*  and  6A6*  are  based  on  references  110 
and  111  respectively.  These  describe  the  methods  of 
analysis  and  give  references  to  original  sources: 

110.  Damage  to  Underground  Reinforced  Concrete 
Walls,  EWT-5g,  OSBD  No.  5405g,  Effects  of  Weap¬ 
ons  on  Targets,  Vol.  5,  NDRC,  August  1945. 

111.  Damage  to  Reinforced  Concrete  If  all  Panels 
by  Detonation  of  Contact  and  Remote  Charges,  EWT- 
3h,  OSBD  No.  6176h,  Effects  of  Weapons  on  Tar¬ 
gets,  Vol.  3.  NDRC,  June  1945, 


Taught  Yclk  suability 

The  sheets  in  sections  6B  through  6F  are  studies 
Ministry  of  Home  Security  (British),  February  1943.  of  the  physical  vulnerability  of  various  target  types. 

103.  Air  Rax)  Damage  Report,  Serial  No.  Dh,  All  of  theso  sheets  except  numbers  6D2  and  6E1  are 
Ministry  of  Home  Security  (British),  February  1943.  based  on  source  material  and  methods  of  analysis  de- 
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scribed  in  virion*  articles  published  in  the  NDRC 
report  Effects  of  Weapons  on  Tory  tin.  Sheet  6D1  to 
based  on  a  study  of  references  listed  on  the  sheet. 
Sheet  6E1  is  based  on  o  study  of  references  123  end 
124  listed  below.  The  separate  reference*  for  each 
sheet  in  this  group  ere  listed  below  in  the  order  in 
which  the  sheets  appear  in  the  book.  Sheet  numbers 
are  given  immediately  after  the  reference  number. 

lit.  6B1  Dir tci -Hit  Effects  of  UJ3 .  6004b  OP 
Bombi  on  European  Indutlrial  Buildings:  HE  Struc¬ 
tural  Damag *,  EWT-2f,  OSRD  No.  5045f,  Effects  of 
Weapons  on  Targets,  VoL  2,  NDRC,  Hay  1245. 

113.  6B1  lnctndiary  Effects  of  U.  8.  600-lb  OP 
Booths  on  European  Industrial  Buildings:  Probability 
of  Initiation  of  Dutrudivo  Firss,  EWT-Sb,  OSRD 
No.  5176b,  Effects  of  Weapons  on  Targets,  VoL  8, 
NDRC,  June  1945. 

114.  6B1  Spread  of  Firs  within  Singls-Story  Euro* 

peon  Indus  trail  Firs  Divisions,  Mixsd  HE-IB  A(- 
tacks ,  EWT-3c,  OSRD  No.  5176c,  Effects  of  Weapons 
on  Targets,  Vo).  8,  NDRC,  June  1945.  , 

115  6B8  Ths  Probability  of  Firs-Starting  by  /is* 
esndiary  Bombs,  I:  Osneral  Principlss  and  Methods, 
EWT-5b,  OSRD  No.  5405b,  Effects  of  Weapons  on 
Targets,  VoL  5  NDRC,  August  1945. 

116.  6B2  Tie  Probability  of  Fire-Starting  by  In¬ 
cendiary  Bombs,  II :  Estimates  for  ths  If  17  lnctndiary 
Bomb,  EWT-5c,  OSRD  No.  5405c,  Effects  of  Wespona 
on  Targets,  Vol.  5,  NDRC,  August  1945. 

117.  6B2  Tie  Probability  of  Firs-Starting  by  In- 
etndiary  Bombs,  III:  Estimates  for  ths  1150  Inctn 
diary  Bomb,  RWT-5d,  OSRD  No.  5405d,  Effects  of 
Weapons  on  Targets,  Vol.  6,  NDRC,  August  1945. 

118.  6C1  Air  Attack  on  Steel  Mills,  EWx-6d, 
OSRD  No.  5667d,  Effects  of  Weapons  on  Targets, 
Vol.  6,  NDRC,  September  1945. 

119.  6C2a  Attach  on  Dams,  EWT-5f,  OSRD  No. 
5405f,  Effects  of  Weapons  on  Targets,  Vol.  5,  NDRC, 
August  1945. 

120.  6C8b*  Attack  on  Penstocks,  EWT-2b,  OSRD 
No.  5045b,  Effects  of  Weapons  on  Targets,  Vol.  8, 
NDRC,  May  1645. 

121.  6D1  Attack  on  Open  Cun  Emplacements, 
EWT-6a,  OSRD  No.  RC57a,  Effects  of  Weapons  on 
Targots,  VoL  6,  NDRC,  September  1945. 

SD3  References  are  listed  on  the  Data  Sheet 

122.  6D8  MAE't  Calculated  from  Ashley  Walk 
Trials,  EWT-6b,  OSRD  No.  5857b,  Effects  of  Weap- 
ons  on  Targets,  Vol.  6,  NDRC,  September  1945. 

128.  6E1  Tie  Badiut  of  Damage  for  Underground 
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StMets.  RC  290,  Ministry  of  Home  Security  (Brit, 
kb),  November  1941. 

124.  6 El  Final  Report  of  Bombing  Tests  on  Un- 
dsrground  Piping,  Corps  of  Engineers,  TJ.  8.  Army, 
Hay  1942. 

185.  6P1  Aerial  Bombing  Attacks  AgaindAero- 
dromes — Runcays  and  Landing  Grounds,  KWT-lc, 
OSRD  No.  4918c,  Efforts  of  Weapon*  on  Target* 
Vol.  1,  NDRC,  April  1845. 

126.  6F»  Attack  of  Railroads,  EWT-2d,  OSRD 
No.  5043d,  Effects  of  Weapons  on  Targets,  VoL  8, 
NDRC,  Hay  1945. 

187.  6F3  Air  Attack  on  Bridget.  EWT-3J,  OSRD 
No.  5176),  Effects  of  Weapons  on  Target*  VoL  % 
NDRC,  June  1945. 

128.  6F4  Attack  of  Tunnel*,  EWT-2c,  OSRD  No.  . 
5045c,  Effects  of  Weapons  on  Target*  VoL  2,  NDBO, 
May  1945. 

Txn  tatty*  Data— PxsroiuuKoi  or  Lam*  Box** 
Sheet  7A1  gives  tentative  data  for  performance  of 
the  12,000-lb  GP  bomb  T10  and  the  22,000-Ib  GP 
bomb  T14.  These  bombs  are  essentially  the  same  as  the 
British  bombs  Tallboy-Si  and  Grandslam  except  that 
the  D.  S.  bombs  are  filled  with  Tritonal  instead  of 
Torpex  D-l.  Performance  predictions  ore  estimated  by 
extrapolation  of  the  data  given  in  the  eheeta  in  Sec* 
lions  2,  8,  and  6  of  thin  book,  with  use  being  made  of 
the  observed  performance  of  the  British  bombs  where 
possible.  The  estimated  performance  in  perforation  of 
concrete,  perforation  of  armor,  and  cratering  in  soil 
agrees  very  well  with  the  observed  performance  of  tho 
British  bomba.  No  observations  of  performance  for 
other  effocta  hare  been  reported.  Copies  of  principal 
papers  describing  the  characteristics  and  performance 
of  the  British  Tallboy-M  and  Grandslam  and  a  critical 
discussion  of  three  bombs  may  be  fonnd  in  refer* 
ence  129. 

*  129.  Study  of  ths  Requirements,  Employment, 

and  Effectiveness  of  Largs  Bombs,  AAF  Project  No. 
4614A471.6,  the  Army  Air  Forces  Board,  Orlando, 
Flu.,  April  1945. 

Miscellaneous  In»o*mation 
Sheet  0M1  gives  a  graphical  method  for 'Solving  ths 
spherical  triangle  by  which  the  altitude  of  the  avu  is 
determined  at  any  point  on  the  earth’s  surface  and  at 
any  date.  From  the  graphs,  the  ratio  of  object  height 
to  length  of  shadow  on  level  ground  can  be  determined 
to  a  good  approximation.  The  only  information  that 
is  needed  is  the  latitude  and  longitude  of  the  place  in 
question,  and  the  date  and  Greenwich  Civil  Tims 
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when  the  shadow  was  measured.  Thia  sheet  ia  usfeful 
in  determining  heights  of  buildings  from  aerial  photo* 
graphs.  Data  on  solar  declination  and  Greenwich 
Hour  Angle  are  from  reference  180. 

180.  M  arise*  and  Air  Navigation,  J.  Q.  Stewart 
and  K-  Pierce,  Ginn  A  Co.,  New  York,  1944. 

The  detailed  calculations  for  sheet  OMA  are  given 
fa  reference  181. 

18L  Bombing  D entity  Calculation t  for  Sloping- 
Target*,  EWT-3g,  OSBD  No.  5176g,  Effects  of  Weep* 
one  on  Targets,  VoL  8,  NDRC,  June  1948. 

IhOUXNT  SnvMum 

The  Incident  Summaries  are  based  on  the  refer* 
ences  listed  below,  the  number  of  the  Incident  Sum* 
mary  being  listed  with  the  reference  number. 

139.  A560  Air  Raid  Damage  Report,  Serial  No. 
AA,  Ministry  of  Heme  Security,  February  1943. 

133.  A1100  Air  Raid  Damage  Report,  Serial  No. 
AJ,  Ministry  of  Home  Security,  February  1943. 

134.  A3100  Air  Raid  Damage  Report,  Serial  No. 
A. 5,  Ministry  of  Home  Security,  February  1943. 

185.  A-pm  Air  Raid  Damage  Report,  Serial  No. 

A.  7,  Ministry  of  Home  Security,  Fobruary  1943. 

136.  B110  Air  Raid  Damage  Report,  Serial  No.B.l, 
Ministry  of  Home  Security,  February  1943. 

137.  B550  Air  Raid  Damage  Report,  Sericl  No.  BA, 
Ministry  of  Home  Socurity,  February  1943. 

138.  B2200  Air  Raid  Damage  Report,  Serial  No, 
BJt,  Ministry  of  Home  Security,  February  1943. 

139.  B-pm  Air  Raid  Damage  Report,  Serial  No. 

B.  7,  Ministry  of  Home  Security,  February  1948. 

C110  See  ruferer.ee  101 
C860  See  reference  108 
C1000  See  reference  106 
Cl  100  See  reference  96 
C2200  See  reference  97 

140.  D110  Air  Raid  Damage  Report,  Serial  No. 
D.l,  Ministry  of  Homo  Security,  February  1948. 

141.  DllOO  Air  Raid  Damage  Report,  Serial  No. 
D.3,  Ministry  of  Home  Security,  February  1943. 
D2200  Sec  reference  108. 

142.  D-pm  Air  Raid  Damage  Report,  Serial  No. 
D.7,  Ministry  of  Home  Security,  February  1948. 

Genkhxl  Bbfxrknces 

The  following  publications  contain  much  general 
maxrial  eimilar  to  that  in  Weapon  Data— Fire,  Im¬ 
pact,  Explosion  or  contain  information  of  general  in¬ 
ternet  on  the  effectiveness  of  weapons.  Much  of  the 
material  in  these  works  and  in  the  present  report  is 


based  on  the  same  sources,  and  In  many  Instances  tha 
interpretation  need  in  one  of  the  reports  ia  taken 
directly  from  one  of  the  others.  Such  repetition  of  in¬ 
formation  and  interpretation  should  by  no  means  be 
interpreted  as  lending  authenticity  to  the  materiel. 

143.  Selection  of  Bombs  and  Fuse*  for  Bombard¬ 
ment  Target *,  tha  Army  Ait  Forces  Board,  Project 
No.  3554A471.6,  the  Army  Air  Forms  Board,  Gr* 
lando,  Fla,  October  1944. 

144.  The  Relative  Effectiveness  of  Various  Type 
Bombs  and  Fuse*  Against  Strategic  and  Tactical  Ob¬ 
jective*,  Army  Air  Forces  Evaluation  Board,  Mediter¬ 
ranean  Theater  of  Operations,  October  1944. 

148.  8*lect*gn  of  Bomb*  and  Fuse*  to  be  Uetd 
Against  Various  Targets,  OPNAV-16-V  |A6,  Air 
Intelligence  Group,  Division  of  Naval  Intelligence, 
Office  of  the  Chief  of  Naval  Operations,  Navy  Depart¬ 
ment,  Washington,  March  1944. 

146.  Selection  of  Bomb*  arfd  Fust  for  Destruction 
of  Various  Target*,  FM  1-110;  FTP  224,  War  $nd 
Navy  Departments,  Washington,  April  1948. 

147.  Ballistic  Data,  Performance  of  Ammunition, 
TM  9-1907,  War  Department,  Washington,  .Septem¬ 
ber  1944. 

148.  Selection  of  Weapon*  for  Fighter  Bomber* 
Against  Tactical  Targets.  Operations  Research  Sec¬ 
tion,  Ninth  Air  Force,  Memorandum  No.  70,  Feb¬ 
ruary  1948. 

149.  Effect*  of  Explosion  of  HE  Bombs:  I.  Gen¬ 
eral  and  Air  Blast,  BRL  Report  No.  664,  Ballistio 
Research  Laboratory,  Aberdeen  Proving  Ground,  Md., 
Jane  1946. 

150.  Performance  of  Bombs  and  Projectiles  Against 
Shore  Installations,  Ordnance  Pamphlet  1172,  Bureau 
of  Ordnance,  Navy  Department,  Washington,  May 

1944. 

151.  Air  Attack  of  Japanese  Coast  Defense  Batter¬ 
ies,  Target  Analysis,  CINCPAC-CINCl’OA  Bulletin 
No.  17-48,  February  1945. 

158.  Effects  of  Weapons  on  Targets,  Volume#  1-6, 
Divisions  2  and  1J.  and  the  Applied  Mathematics 
Panel,  NDRC,  monthly  publication,  April-Soptember 

1945. 

153.  Study  of  the  Physical  Vulnerability  of  Mil¬ 
itary  Target*  to  Various  Types  of  Aerial  Bombard¬ 
ment,  NDRC  Roport  No.  A-385,  OSRD  Report  No. 
6444,  Division  2,  NDRC. 

154.  Effectiveness  of  U.  S.  Incendiary  and  High 
Explosive  Bomba,  NDRC  Report  No.  A-386,  OSBD 
Report  No.  6445,  Divisions  2  and  11  and  the  Applied 
Mathematics  Panel,  NDRC. 
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PHYSICAL  CHARACTERISTICS  OF  AMERGAN 
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IM-ftJO  tad  K74  art  tail  ajtotlon  typo  bonbt  -  axploalva  ahirta  throat  InoaodLarp  notarial  cut  of  tht 
tall.  Oth«r  gatollno  |«1  filial  boeCit  art  hurt  tar  typo*  whlah  dlapartt  tht  incodltrp  etUrlal  la 
acumka  la  ill  dlrtotlota. 

Proa  tint  of  ImgAOi,  until  txplotlon  of  had,  lA-hSaXAS  typo  A  burnt  8-4  alnj  Typt  B  burn*  40-70  Mb. 

*  Plrtt  Plrt  It  tht  agant  for  Initiating,  aoabuatlon  of  mIa  filling. 

a*  flarortl  raJtaigna  of  thlt  both  art  not  uodtr  oontMaratlon  for  atandardlMtloa. 

a  C«l£ht  girte  It  for  Chit  bo?S  tith  WVS-H3  burotar-lcnltar  tnd.  10JMAJ  futa.  Tht  1*18  burtttr  watgha 
S  pcCda  lota  than  tht  ELB-L'J  bur » Ur -ltd  tar  j  tht  U108  f’lta,  0.0  pounla  leca  tlun  1UCJA1  futa. 

aa  Maw  typ*  AJI-WO  la  production  hit  'rot*  -wai'bt  of  4.4  lb.  and  csststna  8.8  lb.  of  tttollat  gal, 
8.0  ot.  of  tuibt  pfcaaphoru*  ad  UUritat  41,000  BT0. 
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WEAPON  DATA:  INCENDIARIES 

PHYSICAL  CHARACTERISTICS 

OF  AMERICAN  INCENDIARY  BOMB  CLUSTERS 


'I  A5c 

JL  AMERICAN 
INCENOIAR 1  CLUSTERS 


•  Velghti  My  vary  aa  ataeh  aa  It  from  avtrage  value*  pika*. 

**Atl  Incandlary  claatara  ara  aupfeaed  to  contain  20*  of  eorraapend In*  X-benb  (ant l-paraonnel  type},  but  tl>o  percent*** 
•ay  vary  with  auppty  and  cp*ratlOA*l  r**»lr*ai*nt*. 

•  Pattern*  (Ivan  Include  to*  of  tha  boob*  and  ara  far  quick. opining  claatara  dropped  froa  10,000  faat  and  for  alMble 
ctuatara  dropped  froa  20,000  foot  and  opened  at  I, COO  fact.  Sato  on  *alck.onnlng  aluatara  ara  laea  reliable  than 
thoae  on  alaablo  cUatara. 

U  a  rac<-i net  figure  (rectangle  vlth  aial-clrcular  enda)  an  aolacted  aa  the  Met  aaltable  figure  for  repraaantlng  thi 
pattern  of  alaabla  and  qulck-ofonln*  claatara  (bolter  than  aitlpai,  ractanyli,  atrel*  or  aoaara ).  The  arao  ef  a  race" 
track  la  given  by  «>-  0.2IS/ \  whore  «•  the  anallar  dlMnalon.  In  dotoralnlng  d  leone  Iona  of  (0*  pattern,  ailal  retie* 
•  vied  vara  raatrlcted  to  1.6,  2.0,  2.6,  1.0,  I.S,  6,0. 

•  HIH6  (TSMI),  HI 21  (Tiatl).  and  HUT  (TJ»)  are  alternate  fuioa  for  tha**  cluatern  HIM  preferred. 

•  HI62  (TSJfl),  Ml 63  (T7I)  and  HUS  (vlth  revaraed  vanea)  are  alternate  foaea  for  thoae  claatarei  HIM  preferred. 
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WEAPON  DATA 

PHYSICAL  CHARACTERISTICS  OF  AMERICAN 
DEPTH  BOMBS,  AIRCRAFT  MINES  AND  TORPEDOES 
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a.thla  Dapth  Boub  la  currently  bolnj  fillad  with  OX  l&statd  of  torpax  (TPX). 

**  Fec’iurt  tha  till  tate.  sly  »*a  tco  iretX,  tba  Ki37  vaa  rotlsad  produolnj  tha  H86S. 

•  Id  till*  croup,  thiso  furt*  art  usod  la  tha  060  -lb  LL37  0.6.  oalyj  tba  8843  ard  8849  do  not  uaa  aa 
at’ii-vt-eblp  or  alda  ru-a. 

a  th»  E>~— 3  fuaa  la  us  ad  only  la  tba  H847  0.6. i  tba  at  nr  dapth  boaba.  *848  and  *849,  uaa  tba  1HMM. 
a  tea  total  aaijht  aa y  vary  aa  atah  aa  *  80  peusda  froa  tba  aalcbt  |lvaa. 

Ootitrtl  Pm*po»a  bo>-ba  (CP  6C0-lb  IT-h'd,  IOC 0- lb  1X-L36,  9040-lb  1B-L64)  fltUl  with  Ua  18  )0240  b7*co- 
atntle  tall  fuaa  art  alio  uaad  aa  dapth  bo^ba. 

p 

8 Inca  iljf craft  8 to-.'  ara  usually  droppad  by  puiebuta,  tbs  orar  all  larxth  dluuuloa  la  (lrao  loolul - 
lba  tha  parachute  pad;  cltLuut  Jt  thla  d  Luos  leu  la  approximately  4  lnchca  la  a  a. 

BQUECli  JMblioe  ticca  of  tba  baraao  cf  Ordaaaea  and  the  Ooab  Dlapoaal  School,  O.S.Iary. 
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PHYSICAL  CHARACTERISTICS  OF  BRITISH  BOMBS 
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03 
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0.3 
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AmtfdCCWO 
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41 
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098 

coo-tbucsioa 
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AmeUOCWO 

210 

48 
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42.0 
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AmMCOKO 
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40 
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40 

h  ItA 
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73 
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0.19 

toco-*  Rc,uuir  cid 
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AwgMCCKO 

1830 

71 
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900 
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AweVICOMO 
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30 0 

42.0 
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Aim*  0040 
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ABBREVIATIONS 

M.O. 

H.C. 

OR 

AX 

SAP 

A.  A 

r. 


MSD*'JV  CHA^£,dw9*-»tJo«  fotlo  about 
Hlff.'f  CHAKCS,  cborC**«Ml(,bt  ratio  about 
osrrau.  rorxfVxs.ct^o-wotsMrotioo&oM 
ARi'03  RltRCIK'JfAcrSJ-sal^l  rcito  oboot 
SBfJVitV.in  PiCUCiM3,abf-wl  ratio  about 
«T1*SU:.M  HCKt 
FRAOkttlHTATIOM,  OAll-portOAMl 


.lacsttUtt 

(CHU 
«—  (MM* 

90% 

OR 

GO 

70-79% 

LC 

30% 

CAP. 

90 

0-9% 

AP. 

M% 

PO 

Mrt<  Marat*  mti  wwuu  *t ra »anm  umuitw  or  tom* 
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A.  H»OH  EXPLOSIVE  BOMBS 


t&Sa 

PHYSICAL 

CHAfUCTEKSnCS 


AOCRCVIATKXtt 

8.C.  (OPftJWCYUMQSIECH)  THXI  WALLED,  O.KSfULPUTKO~!....CHAROE-Y,£lCllT  RATIO  APPROXIMATE!  • 
!0%.  U'ilO  Kw-A'Ui  FOR  GcF^lUL  &SLXUTION....MAI;)  FILLING  USUALLY  T.’JT  OR  AMATOL. 

8.0.  rpn!t''OiT'-'.f<‘-"VrjTHICX WALLFD.r-^UAnMOR.  PTT.CItn  0.1  A'MCI-Pir.rCIHO..  .CHArOE-YJSIGHT 
RATIO,  :  ;.;..  ;  ".ILLY  30%.... OJIDP.'.  VtV  LYAIAC^T  f:;?3  At; 3  .V  .TH/'r.VsTI*:;®. ..Cf.’lTAIM  fit? 
PCLLKTOCOAU9  WITH  LIGNITE  WAX  TO  RLOUCE  THE  SENSITIVITY  OK  THE  EXPLOSIVE. 

P.  0.  ARMOR-PIERCINO....OHAROE-WEI8HT RATIO  APPROXIMATELY 30*. 


ALL  80333  LATTER  THAN  THE  OO-fcfl.  HAVE  A  COLUMN  OK  TNT  PELLETS  WRAPPED  IN  PAPER  AND  EXTEND  INS 
THROUGH  THE  CENTER  OK  THE  BOMO  TO  INSURE  H13HC.I0ER  EXPLOSION. 

OOMKILSO  r AOU  DATA  in  THJ  U.» .CAR  CIPAaiTKrMT  TfCHMCAL  MANUAL ,TM- !*.*«* 
AM  FROM  BATA  SUPPUCO  LYTHX  BRITISH  MINISTRY  OK  MOM  MCUR1TY  . 
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(eonfaMd) 


1  Aftb 

JL  rtfctuu. 

eHAfUCTKfttntM 


B  INCENDIARY  BOMBS 


ir®!® 


TYPE  oi 
CHARGE 


t.OS  I  Thwwn* 


1.08 


t.TS  I  Thtml* 


4IWHU. 


max.  Bear 

ou^sren 

toehot  ]  litoRtt 


l-T=B»M'.rTHTm 

gMCGSirr— 


etcobi  ■Bin  i 


Mrn4LA4 


4.0 


ll.'JUU] 


BOOT  WALL 

thick:*** 

Inch** 


taMtBVM 
Now  1/4 


M.3  •  50.3 


40.0 


ABB  SCO  (ttl-H)  I  834.0 
Moor*:  .jr*  Co  '■ol.Wf  I 


C  MISCELLANEOUS  BOMBS  AND  MINES 


TYPE 

I  pevndo 


Mori  of  Qreood* 


Hcmd  QronoO* 
C1t:m!cclV,‘orforo 


TMT-eotl 


TNT 


p—— PI— 44I1' 

tBILl  QUOSl 

R  F«Ml  ■HETTHl 

[■■EEM . . ~ 

I— i SSCTyiMlijSuiaJi 


Toltorr.ln* 


0.0  |  Totlto  (THT) 


Torn*  rfH-n 


TNT 

TNT 


1100 


imEomi 


It.S  IMvi  4.0 


475 

GO 

ES.O 

IS34 

70 

te.o 

lets 

78 

ES.8 

ABBREVIATIONS 


St.  -  THERMIT!  INC  CHOI  ARY  CONTAINING  AN  CXPU3S1VC  CHAM*. 
El.  -  THERMIT!  INCENDIARY  WITH  ELECTRON  METAL  CASE  It) 


CHARGE-  MAX. EDDY  LEN3TH  OOOT/YC*U. 
WZIOHf  RATIO  DIAMETER  WITHCJTTAJL  TKCKIGiSt 
pircont  lnc.;st  loch**  Inol.t* 


M^IUO  «S>M  OATA  IN  TH!  U.i.  WAROtPARTHW  TIGHNIfiAL  HAWMl,TN-5*-lt*J,  AtO  PROW  PITA  WPPUiO  *T  THC 
KHTIBH  U1HI3TM  OP  HON!  MCUIHTY 
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*.  iiw  nnwivt  Mg  maMtmnai  um 


fWI  TOTAL  SAX.  Ulan 
ItTTIN  KIUT  IOOT  DITXCVT 
.  ..  W  Oil*.  TAIL 

lm*'i  lulu  ■uln 


ul srjsf 

cmscuiraHi 

UUKOMHil 

CQCSBHi 

pgggjii 


*.*«  [  ».*  I  u 


Ul  I  1.6  |  «.* 


l.l 


p  Trrnr.,i|m- 
fnnunmH 

Inat. 

uTMHMBm 

loot. 

I6*k*  fnt l-para. 

T r»a  M  Ana/ 

Inat. 

TO-ij  Antl-oara. 
Tjr»a  1,  in* 

IwbOt  ltat« 

loot. 

CO-kj  Anti-part. 

T yu  1.  An*/ 

»**•*  tttfo* 

laat. 

eqzjqhm 

c  JflCDj 

lUZXlEDI^H 

init. 

60-k*  *7, 

Tffa  Ok,  Ant/ 

frffmraTi 

irnTfr^BB 

ni 

10-10  0*01 
t-tt  tr*. 

HI 

|  BgQCHM  1 

lUEDIZSmi 

Inat, 

«J-k*  u, 

Tm*  n  nov/ 

lakt. 

IC>i»  07, 

T>.a  1  an*  00 

Atfjf 

Ir.*t|  akort 
*»llf|IH« 

lacan*a 

ir  >k*  tim, 

Tpf  1  An*  M 
{«•!)  Ant/ 

16*1*  kac| 
i-tt  Art. 

:u>k,  *7, 

Tr*  i,  *i*«t 

I'll  na«/ 

inoti  chart 
data/ 

ft>k|  Anti* 

*•’•  1 7 1  T/H  1 

Ara/ 

1  1  *  «tet. 

HBCTnrMi 
KflQuQ  JOTHl 

bsxushii 

In  levy 
(Ulna* 

*.i  |  iu 


u.t 


i*.* 


o.i  ii.i 


l.l  I  to.* 


11.7 


70 


110  7.1 


iM  11.0  U.l 


12.0  ll.« 


•ALL  TTTt  r.ltm 

TO  I  Cl*  07  or 

KU  CJU1U  CIAIU 

»,  n. 


o.oo  nr 


*/» 


QSEQSI 

Icasaii 

nraj|Trj| 

iTmTTMl 


0.U  *9 


*/»*  Mx/m  o.«* 


0.1 


0.07  |m/M0  1 0.1* 


i/i t  nu/ioe  I  u 


1.0  lUckTutr  l.l 


I  /It 


0.61  7lerle 


....  Ilaek  7w*r 
'T'*  Itnltr 


I/I* 


O.XO  Uteri* 


0.17  Her  la  or  u 

*  MI/T0A  " 


I/It  He.  la  e« 


0.X*  Tier  la 


Hu  an  it* 

014  an*  T0A 


o.i*  Tu/iao 


iummi 

Itaiaw 


{!.*  I  *7 


Marl* 


Marl* 


o.n  m/no  no 


TOA/MO  171 


Merl* 

*  m  444 


TOA/Ott  m 


A( 


■**"  tANMIt 

■  An  ri  i  mm 


00*  toMHir  cnorga;  air  karat 
aantalnara  *7  M  #r  7*  koaOa. 


cont-an*  ckarga;  air  karat 
rontalnar  a f  a*  koa.a. 


M  la  al  r. karat  aantalaar. 


Conerata  caaa;  ataal  aaatral 
taka. 


Coat  ataal  caaa  fill**  »ltk 
conerata  an*  ataal  »allata. 


AaaaaOtaa  (rltlak  *-**c. 


-»ltk*raa*rj 


T/r*  lean  aaa  anti 
tall  fata. 


uar  uca  alaetrlc  firing  aacli- 
anlaa  for  proalalt/  turata. 
tnplailva-fllla*  tall. 


Oatlgna*  for  kattcr 
frajaantatlon  of  t  ill 
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•  total** 


MhW, 


pmnn 

HB9B§S§§|i 


•atotar  mure U  frm 
(M.  hUir|4u 


WnHtWliWlMf 


tor  44  to 


MhM, 


M  I M  ttMlM 


d  M  U 


I  —  —  —  I 

C3  B 


*arMfeto»aa*tl4to> 

Utmi  eaaaaatolt* 


irr 


T1 


<4  kw  I  «.t  I  total 


«UI.  Oh*. 
flMk  alitn 


Nil*  V«tH|lMI 
«Ul.  (M.  IpllM 
ftaak  Hitan 


•• 

NllHHMtM  |lM 

VUt.  Bw 

(tut  alitn 


nmrzzzmx 

"i*  *rT'  wii 

ncnsanaMI 


Bfl 


<«lM  MM  ««Mar 
la  MUtiiUrln  to> 
toll.  m  km.  IN> 
laata  k|  it  Ml 

MImMm  *  * 

w  pm  «  m  * —  - ■ —  •  -4* -a 

a* I*  hAh*  H*aAMa*  •»  Pa^P»  nataai 

V  *to  '*W  a  •HMMM  u 

•MM*  trHMMTM-  to  IM/tU-V 

•  Matter*  ttrtoa  *> 

tin  »tta  it4i» 
ur  «  *i  to  «m4  m 


nrn 


*Mbwr  Mil*  Ian  atoatart  Urto  to  M  aa»  at  tto - —  VlrMf  aatiata  iu«m  to*  w 

IwmmI >a»l«a*  m  tor  Btola  tokf  traaaLa  toto 

total  la  atoll Im  to  tto  alaaa  ll«M  ton,  ttrlaaa  toaatlttoa  Batn,  IH  ImiIm  Mtoto 
to  toXn*  alto  aw  ar  aat*  to  Ua  at  «a  tort  ll/taa  talw  IUU4  tolar  tot  HN  ta  art  Mato  i 


(Irlaa  aavlaaa  luW 


art  ftoin.  tto.  aaf 
atol  uriaial  atoaa* 


•l  Mlktlto  a*  V  Hwrtanli  «r« 
to  am*'’  aa.  .  t).  art  to  Mar  I 


,  to^artoato.  to  trail  toll*  to  tto  CMto  to  (to Mar*  to  toa»»  toraaa 


ant  maa.ua 
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UE59H 

raw  S' 
min,  it 

toltot  *  ftoCTiau* 

anansmm 

M  Mil 

toll  M  raltoto  tto  ralfoac*  tfrla*  f  to* 
Itrltor 

InrlMWvlM. 

I*iU  frlctUiTm**  1 

»-*  Mil 

fall  la*  Natal  air*  itraaf*  (flat  la*  *m 
Neal  l**tUa  tMHaal. 

total  trlitar  *1*  Marl  a.la*a  Mr  I  a* 
£rto*a  atrlto  tto  to  M*f*to 

anncaza— 

El  OSMl 

nna 

□nncancM 

mnnCTSclBi 

*•14  m>I  ar  to** 
ala*  r*l*aa* 

fail  ar  ratou*  af  taaalaa  a*  rtl***a  tto 
rulaa***  arrlM  Irlra*  atrlbar 

i 

flrlat  N*tot>  fr**» 
tar*  lalaaa*.  Tyto.M 

tortralataa  till 
M  taart  I  If*. 

k*a***l  «f  r*atr*l*t*t  toa4ait«n  atria* 
trlvaa  alrlkar  to  latoMla  tto- 

flrlat  f**to*> 
Catolmtloa,  M 

9-4  Mil  to  M 
M*M 

taaaaa  atria*  *rtoaa  Mr  1  tor 

9m* 

^aiuHiai,  Hi 

4-14  Mil  ar 

M-M  f  rtto 

fra  taw*  aa  a*a  *r  aara  fr**C*  ar  fall  a* 
ralaita  ft*  ralaun  atria*  Irlaa*  Mrlkar 

fir  la*  tollM  KallltialU  la* 
altar.  13  to  a  UkI  M*4ar  laal- 
tor|  Vtoaftaatta*  m.lM  aa 
faaaa  U  j*tl*nra.  atna  to, to 

fna 

tol!utl«,  W 

rgrrginM 

franar*  aa  a*a  ar  Mr*  tr**t«  ar  Mil  a* 
r*to*a*  tto  r*l**M*  a*rto*  arhraa  itrltor 

flrla*  torlaa 

Mta/  Tiaa.  m 

rajs* 

(roakto*  ******  ralaaaaa  carraalt*  tl*ato 
aflat  *at*  art;  rtalralalaf  a  Ira.  ratal! 
la*  itrlur-frltm  alrlor  *la. 

Mxator, 

It  aicaaf  tol«|,  III 

Ml  Mil 

fa! II to  cola*  *lra  Ura.-j*  (rtrtto*  toto* 
Mato  Itoab  I**IU*|  It  aa*.  fa  tar 

touar  Uala. 

f lrl»*  far to*  (lary) 
ftMMttoft.nl  M  • 

II  Ml#  nUmi, 

H  HtMMt 

fraaaar*  aa  ni  ar  mH  ar  raluM  af  to  to 
t  In  raliiiu  tv  la*  frlaaa  atrltar 

Mil  aoflatf tolaai  IIKto  I* 
aaaatl**  lata  III.  Ml  |N  lr*t» 

IWgCTgH 

fraaaar*  N«il«  toll  to  raltrt*  af  tot# 
llaa  ralaaaaa  atria*  totota  ttoltor 

atat  tala* a  far  aijartla*  to It 
lit*.  Caa  ka  ml  far  laltto- 
ton*  ar  mum,  to*  **t  for 
Mk 

fir  l»*  frrlM  (May) 
toHlIllas K-«M*  • 

fir  ar  aatar  fra**ar«  taaf*  Itolrip 
Uraajt  Mai  uabr  to  1  via*  air  Liar  #1* 

far  aymatoalto  MnMto  t* 
air  ar  Kl-r  ar  t*  II  /*  Mto. 

Tar to«a  aialt*  Mila  to  (la* 

ar*l*t  *ala»  *f  f-M  Maatto 

I*  M«  NlN  at  *fl»f. 

All  llrlH  AmUm  I  tola*  bar*  Mw  ItaM  tbwM  NtfllM  Ml  Mr  W  «H  to  IrtMito  mIImvmmI  Mam,  Ml* 
tta*  i>v|«,  V.~«f*ra  U rxfaaa,  MM  inafei,  *U.  tohl  >M  lUOol  Mrt'IM  Artlntor  will.  Ifallar  tala,  m*> 
alartrl*  llutlM  err,  «r  Ulnto  Ml  uil  to  ml  alU  «ll  flrla*  InlM  arta.i  KUnin  uM  (fata  to.  hto  IV. 
toUviU  Ml.  IrhMtrl.  KMarl/  rtUciU,  uf  to  uN  toa  a  mi  art  tlrli|  Aarlaa  to  toDlllaa  atoarp 
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At  CCMGUTtiN  CHMMEt 
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Manila  Mat,  a 


Iirmtt  ■■  jmi 


ra  scp 


M,  MtrMMrat,  ft. 


Mat.  Mtraiwa,  Ht. 


Mat,  Utraatarat,  Mb. 


fatal*  UMaaMa 


Ul  tfaaalla,  Mb. 


Tiirx^:  ■m’B  .i 


Maatlllaa  (taa,  MWI  N4 


•aaafltlaa  Mar*.  Wall  lU 


taaalMla  Marfa,  Ml  IM  t  I  Nj 


latl  Ilia  Marfa.  Mt 


.r-«lllla  Ctaa.  Ml 


Hla  ctaa.  M4 


taaalllla  Mara.  W.W 


Utraatarat 

nrn 

•Mar 

IIMaatarat 

Dm 

nr- 

rrr 

»  t-ia  am 
Mala*. 


M-it.  Mat. 


lesai 


N#  •foMrliM  fl#l 


irasas 


IKE 


irag»gj^?> 


Manila  Marti.  MMJM  • 


Manila  Ma«a.  Mu.  Mi 


Maltlta 


m  SHAPGD  CHAIKAS 


I  fedfc  trSfll  v.r±thl 


sggaiws’aac 


WSFPWWifliflWIilWiiW^gH 

ggamimironiniaB  lMin 


rasasranim 


HrCHratMlal«a.K.| 


•arir  aula. 

•N  HD  fll. 

Ma  Ctaa  l-» 


•Ml  M  M.IH 
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■b  4 1 

.  ru«i*t  1 

low  Level  bombing 

MDCTtVM 

toMMrto- 

(  LOW  LKVKL  J 

■ 

VtDV  PUMK 

T  1  T~1 

s»iviiis!!9sviis»ainiig»|i 

iia»aBS311SiiiS55imi!55|5S||* 


*aw  U1«M  ittmloMlu  «t 


piImn*  tm  Ui  ililna  («  to 


coma,1 


«NCU  COXftKffiON 

ron  •ceuwirtjwr 


to  IrnMIKM  tottoto  trto  alUttoaa  toart  WOO  I*  U  U  torttoMa  to  mb  tototo  -»j 

t»>  w.,,  Mto  gia  toal  m^aa  atowtotoatlaa  h»  Itolaltoal  Batoa.  f  J''" 

nuamu.  ruu*  umu  •  *aut  «■  «»  «**to  to  ara>atia«  ''**«**  * 

altlLtoa  to  Mfto  bto  tto  «i*aa  alua  ipto.  Balov  tol*  JaaoUto,  lataipaltoa  to-  _  w 

tow  to  tol44to  tow  «•  «iuli  itoUai  nl«U>  to  Batoito  to  BaatatoUa*  St 
aatoM  to  rato  a*U  to  toto  CtoMtoii  Cato  toa  wtoal).  nj  y 

Kt>  OB  ami,  fctftitoto  aC  «trlkla«  toUally  la  «tUwtoa4  mm  a  far  torlaatoiX  to  4  •/ 

ditto,  laoaak  aniU  U  few*  to  nadlat  «a  aaala  tow  toa  atotow  tto  tortiatoll  1  / 

nya  to  aarawUac  U  to  aaaaa  to  toa  aa«U  to  tow  a*  ill*,  aalac  toa  — am*.  M  J  M  / 


laalH.  Bat  tto  lima  to  |ta(*  toa  toMtkto  toaaato  ttoi  aUtod/tatat* 
■toto  to  HO  to/to  to  to  aUUada  to  UJO  ft  U  alttor  Uliwlil  to  latllato  (U*t 
ajLUatrlka  toa  |nol  to  a  **to  to  *10  tt/aw.  It  Uv>«  *u«  la  OfW  lavai.  toa 
i»*at  aa*U  (waairto  (to  «artla*l)  «U1 to  atoto  tl’lJT  to  to  aagla  to  IfiP  tto 
lto*to  avu  (aaa  tototo  Um  to  an(«a)  toll  ta  aato  Jr . 


w»^juto:^JTrw*jeaj(Wto^cutou»A»apo<iiaxiOMto 

yiU^CUk  X«  1.4*7  to  l  aw.  a 

■“ve&s 

ItoUMM  Cf^fra-TJ*S3i  tto**]  l»  **.  toJp  la 

toa  a*n»aaa  naatat/B.  B*a(*toto  *  tato«atawa,to 
aa#  toitoa*aaaa,liAat.  i  •  itoa  to  to»a%  aaa. 

*•  to»a*  aaiUtotaaal  WHBt,  «a»aw  tow  eaxW 
to  *  «M>B*  «a;la  to  toilvaJ  I4»to,*aaraa«  tto  wtoto 
a  «a»i<a  rfBl«Ba*«uto,4a*a»»5iwBtoB«aiBl 
*  a  atoaaaw  nn>  *  tw*  lati 


f*» juor 

r.i  ci 
at 


m  ».  m 
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WEAPON  DATA 

STRIKING  VELOCITY  ANO  ANGLE  OF  IMPACT* 
K>0 -lb  GP,  AN-M30  ANO  250-lbGP,  AN-M57 

100-lb.  GP,  AN-M30 


■iinra*]iiiiinaiiaiaBraiai] 

[BBI3A!lB4i*PBBrJBIk'B5fBBllBKBBBBBl 

'aBB&irjBrJBBflBB£BBBtinGBBflBBi 

B£*,ri5BrAlB!JBBHilBBB£iBBBBBBBl 

BBKWl'IBAriBBKBIIflPSIBBflBBBPSl 

afl’ftf«ftBBlB&BBl\fftfBBBBBB5Bfll 

B9firi^B7'4ILl  F5  B  ■  B  XBBBBil  UK*  B  B  fl  | 

Bffi!fllriVJBt<BBP^BIflBBI!<iaBBB 
^l/ftVriB»r^BBRBBBIlBBSilk!BBBBfl| 

B(M#;«0B£BB5flBBBk?2lBBI!flflBBB| 

^JWB^B^MIlCiiBBIlBflBPSaiBBBl 

11  WA&dl  H  fll 

BTAilRilBS'BBB  BBISaBBBBPVBBBBl 
B.WSatraBB&sSaBBBBBBBIIBflBH 


|  1J  5  * 

JBL  pluht 
MHMhHOHW 


IVBBBBB 

IV1BP2BB 

IV1RBBBB 

bbbbI 
iriBBBBH 
IIIBBBBBI 


BBIP**^BB 


IBI1BBBI 
■  BBBI 


daMMbarta 

2150*11*.  GR  AIf*M  83 

% 

^MjlilVBKBBHBBBlSPBBBBPMBBliBBBBBl 

BnpB^HR*  ii  Bin 

^^^■MnfBHBBLlKBllBBBBBifBBBBI  BB5lB] 
LBB^BPBaWji^BW5B»BBPaBBHBBBBai,gi<BBB| 
nnf4rA\nMBkl^BBflflS^BBBIlBB^H  !■■■■ 
igBBBgklB^BBilPaMBBBBiPS'j 


IBflBvSvPfl^RB'BBR^BBBBPAiBBWI^^^l 

I^BBB^lfBITBBLlgBllBBB^B.lBBBBlI 
■■■■■■■■■■■llIBBBliHII 

|l!BBBRiMBBlB 

ElVPSBBipBBBBl 
IKBri£IB|9ma>aBBB^iBA'flBflPSiBBiilBBBBB 

PB^PU^BinilBkKBKBBBjBJSaBBVBBBI'BBBflB 

|nnnfiia|inBhiBBiYBBBBnnnnn 

SlIBBljBBPH 

aiBP  Kill 

aflUlii 

■iBiiin 

Isss 


BUB HABIB 

■bbbiibbbb 

■SvdPJIlBBRIBBPllBBIB 
■KBBBP  BBBfiBBBPBBBBB 

ii£b  b  £b  bb  aiaB  r  ifci  ■  bib. 


ALTmCI , 
tt  Cji 

Tha  mIU  11m  aurraa  Iln  •trUtin«  valoaltjr  (faat  f«r  mms!)  u4  tta  WoiJa-LLu  iumi  (In  »n\» 


Locate  a  paint  *ar  prolaeUnc  «p«»ri|  fm  a  |1>«  ilttt'jH  and  aaraaa  froa  U>;  (1«j  plana  iwtl. 
Veil*  tMa  jaiUn,  laic:  polata  baiaa-a  awraaa  to  obt&la  iUUOi«  yaloalt,  oc  Uyaai  and*. 

iaaoraari  trrora  U  atrlkita  aalaaltj  read  trot  Ua  park  aiU  cat  axaaad  Uit  U  I  cm  it  u(U,  «*. 
Pro  farad  me  data  atwliad  *  Ua  taUlaUa  1*  Merab  Uboaaucy,  ibarueoa  rwU|  Qmd(  Man  iud 
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WEAPON  DATA 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT: 
500-lb  GP,  AN-M64  AND  500-lb  SAP*  AN-M58 

SOO-lh  <il»  AN  -M64.  AN-1U4& 

llJj 

§‘l* 
lit 


BO 


JL  7LUHT 
600-ftP|M0<k(tf 


BKft&ftHBttklBHBBBKBBBBBNK&flllBBBBBBB] 
BBWWsfAlBBBaBBBt’iBBklBBRa.BBBMBBBBBBB] 
B*£  JraflPa>lBHBi?BB  VBaBBllBBlVBPSa  BB 
B».fi^m^Bk\^BBBBaBBBBlWBPSa|BBIBB 
LirJJB'tffA&BaiBBBklflBLlBBflPSSBBiBBiBB 
W^riraR^BBlBklBilBBl^SflfllflBlBBBiBB 
Lj^ia^ljBgrtBllBBeaBBBBBIlBBUBBBiafl 
I— BBBBMaBHP  1BBPB1BBBI1WI  TiB—^ 


ALtlTUOC 

«MMb  *  tm 


s|Q 

lit 


&00-lbf*AP.AN-M8& 


BBBBBBBBflBBBBBBBBBBflBBBBBBBBBBBB 

BBBBBBBBBBBBBBBBBBBBBBBBflBflBBflBB 

BBKRBRWiUBBBBSBBBBKSIBBBRklBPSflBBB 

HflBklflBfilBlfltfainBVSklflBBIBUUIBBIB 

SmBBBKfli'iflMKaBflKKaBl'BBBBRVBPBBBBB 
■BBBkVJBBBBBBklBQJBBBVBBBiBBBBBBBB 


ALTITUOC  , 
mctUoMt  *  tui 

TIM  oolld  llao  ourro*  giro  striking  »« loo  Iky  (foot  j»f  osaocd)  and  tbo  brokjo-luao  ourro*  lift  ui|U 
of  lapoct  (dogrooa  froa  Um  rortlc Hi  for  koabo  rtliutt  froa  •  pUno  la  hnrUsntal  flight. 

loetti  •  point  by  promoting  ugrrord  froa  •  |lm  altitude  end  sorer*  froa  Iks  (Iron  iUm  (Mod. 
Pain*  fchia  juaaturo,  latorpalata  toUssa  cwui  to  obtain  striking  tolooltj’  or  lnpiot  ai^lo. 

la  cur  asy  i  error*  la  striking  rslsslt#  rood  froa  tha  graph  «U1  act  ucttd  U5j  la  lapaot  aagln,  4°. 
frtparsd  froa  daU  ruppllod  tgr  tb#  BoUlotlo  Bosoorsh  laboratory,  Akordora  Proving  around,  ferrlsad 

August  IMA 
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WEAPON  DATA 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT' 
1000-lbGP,  AN-M65  AND  lOOO-lb  SAP,  AN-M59 

KHio-lh  ci>  Aft-Men.  AK-M44 


1V7 


w  * 

*  » 


Mm  FLIGHT 
IOOO*lktF|IOOHttf 


BNBB'lBBB’IfiBfeBBBPBBBBBflHNBBBBBfiBB 
BBByPKBfiBl^BflBBtfBBBB^SSBIIBBBBBBBB 
BBWJcfrwTBBrt*BmBBBBB*MBBBBBBBP£BB 
KBBVMflBBKBBBQlIBBfteilBBflBB.VPBdiBBBB 
B^riV^flK*BBB»BBBBSkBBBBklBBi»BBBBBBl 
BBr.lMEflgMMgMMBBMBilBBBt^iBilBBBBBBBJ 


HvwmvSfl^BBSilBIlBBmSaiklBBllBBBIlBB 
■wtiBVPSiinA^fiBllBfteSA’BBBlWBlIBBBIlBB 
Ma*P/BBM£BllBPMBBBBBBBBBB|W!;=£;aB 

■^PklCtlBKSBPBBBiVPI^aaiiLfflBflilBBfiflflBBB 
|BVX»PKSiBB&PeSill1BllBBIlBBBIlBBJ|BBBl«B 
B&Sf  5BliP!5!«alB  ■BBI1B1  JM»»l?==r  5im*««iIB 
PrgHB-Sa'BftlBWigS^atfBWITBBBBBB^lBBB^iBj 

■aiiaiMiiaiMiSasai 


ALTITUDE 

•baa*  *  An 


1<KM*11>KAP.AH-MR9 


mSSSBpSbbbSbbSSbpbbbbSbbbBbb^^B 

BMriBQBP^BBPMBBBBPaBBBBBBB^^W 

^^^EB^BTiBBK^BBBRSABBBBklBISaBflBBBB 
nrfl^B^BPiABBklBBB^aBBBBBBBB 


Vbbmb 

liufift££ 

m^bbb 


iSShSbS 

s 


ibbbb^H^H) 

PiiPSSSS? 

psp»s:sl 

WWIHlI 


if  M 

ALTITCM, 


TM  MlU  tin*  curve*  |tn  itrUdn(  wlMltr  (rm  per  teeead)  vri  tha  troke»-UM  e;jmi  (li*  ■«(i» 
of  ln[i0t  (d*(r«M  fro*  tha  vertical)  for  bocha  ralaaail  fra  a  plan*  la  boriaoctel  TlLjtrt. 

locate  a  point  ter  proJastlnc  upward  fro*  a  (loon  altitude  and  atroaa  froo  Ua  five*  plana  a  pood, 
Oaln<  thin  Juncture,  interpolate  eatnaaa  aurvea  to  obtain  atrlalnd  velocity  or  lapoat  tajla. 

leevavi  Crrara  la  atrUUnf  relMlip  road  fro*  Uta  crept  »111  not  meed  U$l  la  lapoat  aacla*  A*. 
Fraparod  fro*  date  auppllad  bp  ted  dallUtla  Baaaaren  Laboratory,  Abordoaa  Preelac  Around.  dory  lard 

Aagaat  1944 


CONFIDENTIAL 


WEAPON  DATA 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT* 
iOOO-fi>  AP,AN-Mk&  AND  KXXMhAP,  M52AI 

HXMHb  AH  AN-MK33 


I  Mi 

m.  ru«m 

WOMtfiHl 


■winMiwimpifiBiMinma 

■■■■■aaBk^i mu  I 


nS 

WWW 


■VI 

IM9IB1 


EBB 


5CMKS 


IttftfMBMBASSftBBBBBBflftwSiB] 
■Bkli*&«f  BBBNBBBilBBBtfMSaB 
■KilB^IBVflilBBBBJI^SSiiBinlM 

mam 


RBNHMPKlB,VBtlBBBBJ>*£551iBBBBB 

IBMfililB'BklBkie^BSliBBDBBBBiVBBB 
||BV|Pak|SBAYBllBlWBlVBBB»BBBl1BBB 

BBmk^gjggBBBiHlBBBBBBmBBB 

mjkghmgSSmMmSkmu^UUUgkumU 

IbBhbb.bSSbbbI 


ALTITUOC 


1000-lb  AH  ME3  At 


^Bbbbbbbbbbbbbbbbbbbbbbbbbbbbbb| 

■■■B^iaBiAMBBBBRBklBBBB^SBBBBBBBBl 
ImgS^BgBNSflBBB^BBBBBHaBlBBBBBBaB 
M0nHS)|i«mBP!aVBBBSaBBBklBBB*>2«BB 

■BMMBBSf  II — *1 — niTTII IBBBBB 

IHHKbmbb^Sbi  I  bb!  SbbI 

I  ssassi  IMK5SSS 

MBHVS^WbBbbBBB 


!S»1  B  B  B  BBBI 


IBBBBB 

IBBBBB 

iBlSBBB 


IBBBJ 


ALTITUOC  . 

«MMb  *  ktf 


**»  wlU  lino  «urr»»  «lro  •trlVfn*  vtlocUr  (ro»t  par  toooad)  tat  th»  bro^io-lix*  oityo*  tin  imU 
•t  lapMt  f.-o*  ttat  ruUeii)  for  bo-io  rxlw;«5«t  rroo  t  plain  la  bwltciiol  niZM. 

UMt*  t  Mint  *r  |T«<j«t1P3  ryj+rt  tnm  m  elwn  Utitulo  tnd  torn**  from  tfao  jlooo  pi «j» 

C*u*  Ul»  ]oMtur«(  ua;(jULi  botwooa  turret  to  obtain  itrlidni  MlMltf  or  Invest  tcjlo. 

tmnvi  ktori  in  rtrUlnj  volooit?  root  frou  tt*  c rtpb  illl  not  umt  U5|  in  Inpot*  ts*li5  «*. 
VroftMC  (na  4tu  iv»IM  tv  tla  BtllUtU  toMtrob  Ubovatorr*  ibortota  rmi<i  Orewt,  Ikrrlnat 


it  \M4 
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WEAPON  DATA 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT: 
1600-lb  AP,  AN -Mill  AND  2000-lb  GP,  AN-M66 

1600-lb  AP.  AP-MM 


ft  9 


M.  FLIGHT 
MOO-NAP)  tCOOHtAP 


■iiKwawjgiwpilglllligillgllPjglllil: 


■^@^RiiViPS4'BBBiB1!aBB«BBBBBBB 
■Bflr^BBBSlBBilBBSBKBBBLlBBBBBHB 

mai&Bki  mMb  B  P.imB  B  B  9' fl  B  B B  S  2  Bll  ■  ■ 
4tiBtfl&2BflMS«lBB'BBBBB«5iiABBBBMBB 
IB^B^BBPSWlBBB^BSaBllBBBBBBflBBB 


iBBgassa— — 

■■I  VlBWlBBBBB 


ALTITUOC 


&m*Mb  UP,  AR-21S3,  AN-M34 


BBBBBBBBB 

BBBBflBiB^I 

(BB^KBftiriB^ 
WIBBapI 
mxwmmmnm 

■MM 

■I  rmgmm 


ibbbbbbbbbbbbbbbbbb  I 

■bvbbbbbbbbbbbbbbbb 

■«ft  BBBlP5aBBBKlBBE3B  I 
■■■■■■BBBBllBSjHB 

Ibbbbsbj 

RlBBKaBBij 

Sis«is:B 
wmmzzstezzmm 

ttBBBB&j 

BBBBB 


•  lOUMsAUUU 
ALTlTirS  , 

Wna  Cijt 

Ttw  oollA  1Uj»  «w.-*»  give  ttriklni  valoalt y  (f«*l  ft  M«aS)  ant  th«  hrct*o-lUm  lurvo:  girt  io|l« 


Loaata  a  |»Ir,t  prolaaUag  upriH  tnm  a  (Ivan 'altltuGa  mad  Mrut  fro*  tha  |1<h  plaaa  ipw<, 
Cuing  tU«  Junstiaa,  lofctrpoJaU  Utmi  «ur»»*  to  octal  a  itrlUng  Yaloclt/  of  l=pcot  aigla. 

Accuracy  •  txrori  la  aUtklag  valocHy  read  (r«  tha  graph  »Lll  act  uin4  UAl  ta  impact  angU,  4®. 
fraparaG  froa  taU  aupflUG  V  *ha  AaUt-it'a  «tc»**irah  laboratory,  Abardaaa  Proving  Orouad,  KttyUai 

Aught*  IMA 


CONFIDENTIAL 


WEAPON  DATA  ^  *  lif(YT 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT:  I  ill 

2000-lb  SAP,  MI03  AND  4000-lb  LC,  AN-M56 

2<>0<HbftAl\Mt03 


ns 

al* 


m*wuhw*M 

Kwmmmmm 

i  iaiM 

mm 


im 


iiMMnum 

IlKiillll 


IMI 


puna 

uiaeaiwi 


HI 


Kdtmm 

5532a 


III 

IRT 


Ml 

cl 


H9E11I 


IIVHB 


UIHSKIIIIIII 


111 


1111 

nil 


Mor 

tiK  r 

asl*  f 

sfi5,  40oL'-' 
mo£~ 


T/LAR-MEfl 


JO  32 
ALTITUDE , 

>3m»iA  •/  M 


-  -7|W 


ll 


tV*  Fpi  y|~hrpi'(fn-— 

1 '  ■  ' v  -xrkyjh  i'qTjv  t  Hi 

•  I'  l  l',  tjM7*  I  I  if 


81.  /  •  * :  4  ’^p  >  3-J'Xi4  vX  H  -  J 

IOO®!.'  'i;.  '^j  -j— \  1™;  j_J  j  j. _ .y _ ! 


•!  ”1  ’■  I  ‘  I  ”  J  '  *  I  I  -I  >•  » 

v.  .**.  ■-£•__  Jim.  •  i/_c.. — .  ^  "^u  < 

02  4UJn)UUulJ£J 


U--  A...  ^  -  .  ’  •  nA-  • 

il  tv  H  v  J  ’J2 
ALTIVC'JS . 

K&rt-rU  d  W 


**•  111  Id  llr.*  ccrvat  |lv«  «»r  Ikln,  velocity  (feat  f«f  vecefid?  end  the  brakm-liae  cir«H  jive  malt  tf  laict  (Itirin 
fro*  tU  vtrtlol)  fee  b.>jie  retained  fra*  *  #i*:.e  I*  k^liulil  flight. 

Uc«U  a  Mint  by  trejnctlng  imiI  lr«  a  give*  altitude  and  eeroee  few  tba  give*  plena  itead,  Celng  thla  Ju»eta»*. 
IntarKlaU  hatuc-i*  orwaa  ta  ebtala  etrlklag  velocity  v  luul  angle. 

dcaarwyl  trrer a  la  etrlkla,  velocity  road  froa  tba  graph  will  ast  exceed  l£Ji  la  Ivict  engla,  I*. 

Prepared  fraa  data  (applied  by  tba  tbllletle  teioarcb  UbcraJtry,  Aberdeen  Previn,  •re.nd,  Maryland. 
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v  .  t 


■stizomi 


mmmmmmmmmmmmmmmmmmuuuumuummmirnu] 

■iiiiiiiipiiliiiiMBBHBBHMaNBB 


BaBKHBaBBtfBBBaBBBttBBBBVBBBSlIBKBB 

BBBB^^B^BBkSaBBBBBBBBBBBWHBUBBBWB! 

ttBtiNKYKtiBEttBBBaBBBKBBSBBBBBBBBBB 
aaBmittBBHflBtiSKBBBBBEftBBBBHflflk'PSilM 
BBnKBaXSBBRBBBBKSBBKBBBBKlKBlBBB 
UBMBKW&BBHBBNH&flBBBBlMBaaBMUBPB 
I  BBCBBBBi\SBBHaBBBKBBBEVBBBBBBBBBflB! 
iBMB’JBMmBPtriflBkMHSillflBB^BBBfiMBBiiaB 
I  IWUi;aKBB»l»ViB«BBUBBBKBRSa*lfllBi: 
■MHanPftairoHklflPkVPPBBESMPPPPilPBPP 
^&'«K1&MP£BBNBBKSEaBklBBBMBBBBIHgBtlR 
MWBRWPB'BBirBBttBBBBBMBBBKiHaaaaBMB 
BVK'tlBiBPBH^BtVflflllBBl'S&ilBiflBBBBBBB 
B%«nB«BlimGiBMB&itBBBBBHkIflBflBkIBBBl 
PXlfllliflklBttB&BBlIBBItBBB.BBflBtlPBEEHSEa] 
BI«riPJB«BllBBBE»BIBB=!BSBi9iliBBIlBBBBftlBBIlj 
■BagBHB^BMIBeBBBBBBlBlBElBlBgBBBj 
HiUlUBOHHMHHHiiHMMMIIN 


IBBBBUBBIilBBBllBBBIjPBI 


1 


ibbhi  Sri  mmSSSSmumu 

IHHRHHHHHHSbbbbbbbbbbbbkiibbbb 

■JB^BKBK^BBiiBBBBBBBBBBB^eaSBBBB 

BBBBiXaBKflBBiflBBBBHKBBiBIKBHBBBBHM 

HHKtfcHRBBflKaBBflnisBMkBBKi^H 

BNPHF.flBKBRflBBKBHCaBBBBBBNBB.liM] 
IB^fiBaXaKBBaBBBggBB^BBBBilBftBBBBBl 
MBW1MK<BPBJl«BBI3HaBBBBBBP— — — 

IhMB&WMMMMMMIB 

mmvm 

HHnPBttPBkiPBHS&fc'BI 

^^■VVBUBaflflUBB^EHBBflBB.lMHHHM 

!*W2«BiJU»HBBBBBklBBBklMSXaaatBP 
IHBRSklRBHfipaSKE&B^BBBBilBKBB 
IpniiriaMDIlkaaBklBBWBBBBBBiBlIBBBB 
SakliKgiMHiBHBBIBBBBlBBBaggaa 


IBBBBBBgaBBBWBBklBl 

^■BMEJiaBflMBieBBBBBBBBBBBBfaaiikl 

KWKflilflHSSBBklRRBHKSHMRflK 

BMBfiBiiiBBklBBBBgaP'BBBBklBBBBB 


■Kl 

\w%mm 


iUITW, 
lilllliil  #/  /Ml 

Tk*  Mill  IIm  t«r»a*  |lv*  atrlklai  valocHi  (ftal  r»r  aaeoaf)  *o4  *M  kr*k*a>llh*  ttrni  fl«*  ix|U  if  li»*ct  (li|'MI 
fro  U*  vartlcal)  f»r  kaot*  rilMiil  IfU  a  lltM  It  kartianul  *ll|kt. 

Local*  a  Klnt  k>  *rcJ*ctU|  a  *w*rf  free  a  flvan  attltod*  an*  acroa*  Ira*  la*  glva*  >1*0*  ****<•  Oal*|  Ikl*  Jao«l*r»« 
l*tar»lata  kthaa*  aarvaa  t*  oilala  alrlkloi  valaalty  «r  I  Moat  aa>U. 

luoactl  l/rora  I*  alrlklM  valoalty  rail  fr*»  tko  track  Mill  act  aaeaaf  Itti  la  lM**t  *Ml*»  %* • 
froaraf  fraa  ItU  Mill!**  ky  tka  Office  *f  t*  tklaf  «f  Orfnaxo,  ».  *•  Lroy. 

x«  tm 


CONFIDENTIAL 


WEAPON  DATA 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT' 
SO-tb  FRAG.M32  AND  260-8)  FRAG,  AN-M81 

80-lb  F.MttS 


M5 


JB.  FLIGHT 
«0-ft 


BBfFBB  rl 

\uMwinwmv,imEmmumfcimumumKmwMmj^^^M 

■BgB’WBWBBBBB^lilBBBBCaBBBjBBBfjBl 


1'BPC^BBl 
iBBCaBBHfil 
s&bbbbb^H 

IBBBlBBBgS: 

■■■fiBBBBBI 


BBBBIBBBriBB 
BBPaatBBBBBBBMBflUiBB 


KgSSKjffl 

(BBBBBBI 


ALTlTUOG, 

>«M)  *  W 


SSIMb  V.  AW* MCI 


ibbbbbbbbbbbbbbbbbbbbbbbbbbbb 

IBBBBBIMIflBjSBBBBBBBiBBMBBBBB 
MBgmmBA7iBBBHBflflBBBP6«BBBBB 
HBBBiHB&dBkXBRiiVBBBBBaiagBBBaBB 
mB»KBgiagteflBBiBB3«BB5fiaBiBB 
RnKflmBSagVVBBBSRBlBBBBiiiBPBW 
ElBMBaBBKaBKBBWrtSBBBBBBBiiggBBg 
■MaBBBBaBWSBlWBBBBPg&BBBBB ' 
^■iMlflniQfiBBBlBBRaSBliBflBflB ! 

illWBMfillBBI  I  .  v  ■BBBtlBBi  IB 


BBKpBBBH 

&8HSB8 

MUjaBaaB 

■kssssI 

IBBBBB! 

VbbbbbS 


IbbIb 


alt.tuct, 

Amw)  tf  tn* 


Tht  oolld  lie*  eur»oj  giro  striking  Telocity  ((Ml  per  »»«onl)  kxA  Ihi  bro'-or-llr-*  cr,-r'j  |1to  agal* 
at  li.  JOt  (ai£reo«  frej t  tto.  t;:  vlcol)  Tor  relenecG  frca  •  plan  In  hiri;:-Ua  TLl.Lt. 

looato  o  point  by  pro'coMof  or*'*!  from  a  given  altltdo  *sA  tere.-ji  frca  tM  ;1mo  ;lana  spooA. 
Cilns  thlo  JuECturo,  iatorpolata  batraaa  ou.-toa  to  eUiila  jUJUlm  mImIV  or 

Aoeutaqri  Errors  la  strlLlc*  velocity  rsad  Troo  *te  fttgSx  sill  not  oxetol  lLll  la  u^U,  *». 

Prepared  (tm  dot*  supplied  by  tho  BsUlstls  Bisesrek  Uto-»tory,  Aberdeen  m>U|  OrooMI,  TryDM 
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WEAPON  DATA:  INCENDIARIES 


TRAJECTORIES  At®  BALLISTIC  DATA  _  *  i  •  mail  I 

FOR  AMERICAN  INCENDIARY  BOMBS  AND  CLUSTERS* -  ■  ■ — 

A>  COMPARISON  OF  TRUE  TRAJECTORIES  FOR  25,000ft  RELEASE  AUITUOE  A  250mph  AS 
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B:  GRAPH  OF  RANGE  FOR  ANY  DROPPING  ALTITUDE 
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C:  TABULAR  OP  COMPARATIVE  BALLISTIC  DATA. 
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Tint  of  4ll|ht  wtri  tRoa  caloalat.t  froa  trail  aat  drooilr.R  »n|la  bj  itaatart  foreala. 

CONFIDENTIAL 


— I!'I9 _ li.-’i 


WEAPON  DATA:  INCENDIARIES 

STRIKING  VELOCITY  AND  ANGLE  OF  IMPACT* 
IOO-lb  IB,  AN-M47  AND  500-lb  IB,  AN-M76 

100-lb  IB*  AN-M4X 
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Tha  solid  Hr.*  «uf*#s  Il-a  striking  *#lootty  (fast  utoal)  and  tha  brolcan-llro  curt*#  ,1**  an*!* 
or  lapaot  (dagraaa  froa  tUa  tartldal)  tor  boafa*  ralc»bJl  fron  a  plan*  la  hcrljoiihil  flight, 

Locata  •  point  fay  prolactin*  upward  froa  t  ,!*<□  aUltud*  *od  aorocs  froa  th*  (Iron  plica  spo*d, 
Using  this  Junctor*,  LuUrpolaW  fcataaan  oursoa  to  efaUla  striking  velocity  or  lrpaat  argls. 

icouracyi  errors  In  ttrlklu*  valoolty  rt«d  froa  tea  graph  *U1  not  gxcaad  11} i  la  lapoot  angla,  4®, 
Prepared  froa  data  aupplitd  fay  tha  LalUatU  lUaeareb  Laboratory,  Aberdeen  Proving  drouirf,  Harylanl 
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WEAPON  DATA:  INCENDIARIES 

loading  data 

FOR  NCENDIARY  BOMBS  AND  CLUSTERS 

RUttUMM  UMBMt  M  NX  QUO  OH  tt  MMf  AMCRAfT  WTMBUT  MM<MT  StSTkMRtOR  OTMR 
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»!8  190  1  78 
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Intornal  losdlcg  onlfi  for  axtarnol  loading  add  4  -  100  lb.  or  4  -  600  lb.  oluatara  for 
i-CO  0,  8,  3 ,  X,  tad  1-886. 

Ovittting  aft  bci/b-boy. 

Kultlpia  tusptucton  ualag  to;;la  riraa.  ^  ..  .  .. 

Minor  lntarfaranoa  oa  t*a  bottwa  inboard  atatioM  bight  roluoa  loading  froo  19  to  10. 
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WEAPON  DATA 


o|N|oMSs' AND  PROJECTILES  INTO  SOIL 
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Tho  gr«“h  tod  noeogrnn  gWo  th«  rolntlcn  totvoon  itrlklng  vnloelly  tod  ytnttrotlon  noth  Itr.gth,  V'STnlKIISi  VTLCCITf 
u.tw.d  to  tM  nun,  for  troj.ctllo.  or  toot.  of  vorloui  wolghl.  MMtrotlng  Into  lororol  ooltl.  Aww'rA/1  aj 
Curvtn  aurhad  .Inal,  avirtfi,  .rd  a lor.  tra  for  grojoctlloo  of  dlffrriht  noon  ih.04.  *•  okclcMd.  ,  l«r«ih  la^th 

VMrt  no  ODir.el.hW  offoet  of  non  .ho.  on  gonOrotlon  Ml  kton  obc.ryod  o»l y  ■  alnjlo  two  lo  n.u.-'Vi  .,* 

drtvn.  Tho  dcfjnr.nto  of  MMlr.tloai  noth  Mnglh  on  treJoctlU  wl|M|  ••  O'**"  *T  ***•  '  1 

■grot.  with  obi.rvetlon.for  gaoJ.dtIUl  or  kooto  htvln,  tolltor  din.ltlo.  froa  O.IS  to  O.M  w/lka  , 

I loil  boA.  nnd  .rtlll.ry  .rojcctllai  h.yo  t.llkor  don.lty  voU-ik  (Might  of  grajtctlla  l»  pcu.d*  \\  r-— 

divided  ky  tk»  cut.  of  tbo  dluant.r  In  Inelw.)  oltkln  tha  okoy*  rang#.  U  \  ''V 

Trnlictorlni  In  tnllt  tro  oniilty  .trnlght  for  tvn-tnlrd.  or  oorn  of  Iko  Mtk  Inngtk,  kot  curvn  \\  V 
n«:r  th»  «nd  of  U.«  »»tk  (t«o  «k«tck).  for  tkl*  rnnion  flnnl  dlit.nto  froo  tho  torftco  It  ototlly  \\  \ 

10 j  to  ICS  loan  thin  tM  tonotritlen  Mtk  »lrtt  koro.  \  n. 

Cirvnn  glvon  tro  for  .v.rag.  .oil  tyn.l.  fnnatr.tlenj  Into  rick  Rtutlc  oily  tro 

101  ercater  than  thc.se  ebserved  In  cl  a*  The  detted  curve  at  the  bottca  ef  the  frejh  fllve*  Jr 

evertie  MmtretUn  Into  flo© 4  tuellty  reinforced  concrete,  end  It  elded  here  for  rtegh  coheir  lion.  mjUTOCV 

IXJL-iatt  Tho  dgtt.d  1 1  no  nkooi  thnt  t  grojnctllo  of  tvnragg  noio  nhfiyo  nnd  anight  •*  *®  ,k  otrlkln,  onndy  Iojj  noil  altk 
t  voloolty  of  I7C0  ft/i«e  wilt  h.vo  t  »otk  l.ngth  of  Moro.lwtoly  ll.t  ft,  ooooortd  to  tt.i  nono.  Cocmo  of  tko  cyrrotkro 
of  tho  underground  trnj.ctory,  tho  notunl  kenotretlon  froo  tho  aurfneo  rill  ko  noanyhit  leee. 

StVttCl  Irltlih  nnd  Morlc.n  t.it.  wltk  kcwM  .rvd  Urge  entlker  or ojeetlle.  kt  yolocltlon  keloa  1100  ft/»oe.  laoll  cnllkor 
to.tn  for  tbn  Corn  of  Cnglnoer.,  II. J. A.  eatondlng  ovor  ontlro  yoloelty  rengo.  Th.  eurvto  ngroowltkB#«.»rooontt  to  JIC,. 
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PENETRATION  OF  GP  BOMBS 

AND  SMALL  CALIBER  BULLETS  INTO  SOIL 

A -SOMS  PENETRATION  lerll  »  M. 
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SOI*  PtKItATIW 


iiinm«  jutFtotj/.,. 


WW.lWM'lU 


mm 


umsmm 

BIBBS 


mem 


AlTITUOt,  •/  /eel 


Dim  tci»  sueuccj.it 
it  (it  el  MHtnllu  t>tt 

to 


ALTITUOI ,tu*tm4i  «/  /Irt 

The  corvee  ;lve  Hi  faptk  be  I  on  th«  evrftce  for  Oonorol  Ir¬ 
ion  boebe  dropped  free  Itvel  flleht  it  verloci  eltltadei.Tka 
depth  la  that  aiinrat  fr  »  a  laval  tirli-a  to  the  cantor  of 
tho  kook,  fa  Hr  feaad  to  peralt  fall  peutratlM. 

Tha  fat  If not  Iona  clay,  loaa,  ant  lint  ara  far  evereof  toll 
typet.  for  aolla  of  other  tepee  laterpoletlan  ikoalf  (a  Ufa 
froa  tkoaa  corvat.fsr  aiaaala,  tka  depth  l.»  a  tendy  a 


typei.  for  aolla  of  other  typei  IntirpoUtlan  ikoalf  be  Ufa 
froa  theae  corv ai.for  eeaaple,  tka  depth  In  a  iendy  aoll  aey 
be  aipactaf  to  ka  kftveaa  the  valaaa  (Ivan  far  aanf  anf  tka 
valiai  flvaa  for  loaa. 

leak  Mnatratleni  Into  toll  vary  too  <e  tha  Irrafolarltlaa 
of  corvatara  of  tho  rndtrfround  trajectory,  out  ray  vary  ay- 
prac  Icily  tea  to  InhcaOjanaltlaa  of  tho  aell,  inter  content 
of  tke  aoll,  etc.  The  corvee  flvan  kora  efreaelththa  oral  I* 
able  tat*  te  vlthln  f  20J. 


AlTirUftE,  IPeeeande  1/  /ut 


n  -  CMAU.  CALIBER  BULLETS 

Penetration  of  loall  csllber  Jicketed  kollata  Into  iolla  li  Halted  by  tha  daforutlea  of  tha  10ft  tip  at  Im  valacltloa 
and  •  tr I polng  of  tha  Jictit  free  tha  eve  at  M(h  valocltlai.lvch  daforutlor.i  raaolt  la  IncraaMf  raalataacf  to  aotlea, 
Tka  table  qIvii  penetration  and  oarforitlon  data  for  lull  cillbir  urvlco  e»-  _______  __  1 

unit  Ion  vlth  10ft  Jacket  and  hard  core.  Tha  aeeleua  thlcknni  of  •  loll  para-  -v--  >C** "  **  *,»  ' 

pat  that  cm  ha  perforated  by  a  ilnjla  kit  It  ahort  range  end  tha  recovjendaf  X.  . 

alnlaca  tklckneii  of  •  aoll  parapit  for  aretoctlen  ifelnit  tin  klti  cleea  to-  * 

aether  era  given. The  protection  la  adequate  only  for  poiltlona  tore  thaa  tvalva  —  thlckneae 

Inchai  (26  to  JO  cal  Ikon)  tele*  thi  top  of  tka  parapat,  r  n 

jr  ildii  ilopa  I  on  14  \ 


»UP;»  .fO  AP 


rafrfut 

Penitritlon.l  Thlehm-i  I Th IcWroii  for 


ICvCC  JA.VD 
CCIPACT  JAW 
LOAM 

PLASTIC  CLAY 


JCUICC:  Tha  lock  Pinatratlen  Curvet  are  baud  on  frltllk  and  turlcrn  U>ta  with  b.r.ip  and  Urge  caliber  pro Jactl lei. The 
Suit  Caliber  Iwllet  Tibulatlon  ll  baud  on  taiti  for  the  Corye.  of  (nflneen,  fl.S.A, 
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<5£D! 


IT  '  1./ZI 

//  (Tf-yJ  H?.A!iS 


(£2) 


am?*::ir#o 

viu.;MW 

to>/t*cmi 


*c*m  te  w~4j» 

^gJhgttup 


Tke  ckirli  akev  (ref  lice  ef  tffleet  cretere 
fereef  kj  tke  letict  ef  Ifee  M|3  Inert  #re> 
Jeetllei  eltkeet  ct»  er  eleftklelf,  fire* 
ateleet  ktevllr  relnfercef  ceacrete  eltke. 
Cfllefer  teetef  et  t03J-»00#  (el  ceopreeelee 
etreeltk.  Itrlklet  relecltr  le  ekeee  kr  tke 
ker Itental  lleee  uf  atrlktai  ekl  ltd kf 
tke  ref  tel  llnee.  Tke  cervee  tkew  tke  teea 
ef  rlcocket  eef  tke  lielte  ef  ferferetlee. 
scekklei  eef  etlcklei  fer  tklck  eef  tkle 
eleke.  tke  rtfereece  (Met  fer  eer  (releetlle 
le  tke  »«let  ef  lefect  ef  tke  frejectlle  ee 
tke  tlek  feet. 

Tke  ekerte  eer  ke  eeef  fer  (ekeret  eteeit- 
eeet  ef  tke  effect  ef  vetedtr  eef  etllfiiltf 
ee  fieeie  te  ceecrete,  Tke  varleee  lielte 
eef  be  eetteetef,  ket  cleee  tbece  lielte  ere 
eet  eWere  tkerfly  fefieef  eeee  letlteee 
aeet  ke  elleeef  le  eitlii  eitleetee. 

letei  Bite  tekee  free  axerlaente  ceafeatkf 
fer  the  fiffltr  ef  tke  thief  ef  fe|leeere. 
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2  A5 

RICOCHET  FROM  WATER,  SOIL  AND  CONCRETE 

AMU  tf  |*MT  »m  tttftCt,  do/reoe 

ricochet 

BiOilauliSSiSill 

«■■■■■■— ■■■gSUMBBSP 

MB8BB888BB8888B8BB8SB3Bil 

■aSBSBBBBSBB-HHHi 


t»ACT 

Ttl  fro|b  |lvte  tbo  llol tin}  wjlo  muritlna  fltrlwt  Isf  reootritleo  for  vttor,  toll  or  miln  concrete  to  t  function 
of  otrlklM  velsclt;.  far  I  no  v  er  ellf  ilia  I  tltlt  lb*  I  Initial  tnjlt  It  Clfforent  for  M'.I  iliti  tblcboofei  the  00  tro 
Ml  traotef  hi/e.  Tho  or***  iielr  to  ordinary  troJocMUt  iM  boobi,  tilinl  trooltl  ctUcUinli  or  mu  ikioot. 

Tbo  rlevchet  Haiti  oro  tU'itwIH  I*  tho  fora  of  bind,  tko  nlfth  of  otcb  beod  Inclellnf  vcrlatlc*  of  our  foe  tor  nock 
It  onto  ihipe,  oc.-wnt  of  liwrtle.  doaelty  of  tbo  yrojoctllo  inf  fiulty  of  tbo  notcrlol.  tick  bsnd  oo  tbo  (rt»h  out* 
ntll  two  ri|(oniI  rleaebit  occaro  far  cooVattlani  of  etrlblbt  velocity  *nf  loftct  er;lo  tol«  too  her. J,  no  rlccche t  oo- 
oori  far  ccahlnotlooi  itcvo  tbo  bond.  Tbo  yortlono  of  oteb  binf  with  dotted  tijni  tro  hired  oo  o  icsll  umt  of  fiti, 

U  flMrol,  aliilllt  hivlnf  litre  none,  liny  ilondor  bodlu  or  low  doailtlei  sill  kite  rlcc'tit  I  lotto  It  tko  >ntr  tort 
of  tub  bird,  bhllt  tboio  hiving  bloat  ooato,  iburt  trtlei  er  bl|b  dcnltlii  will  boot  rlccebot  llnltt  l«  tbo  lower  |irt 
of  o:cb  bend,  locreaelng  tbo  lorfoco  regilorlty  or  tbi  dinoUy  of  tbo  tiriot  goMfolly  iblfto  ricochet  llolto towort tbo 
lower  girt  of  oocb  bosf • 

teucttl  Soil  oof  witoo  rlcoetot  Otto  oro  *r«  tberdeee  Previes  trend |  ceocreto  rloocbot  Ooto  oro  frea  tho  Cfflea  of  the 
Cblof  of  tnglnoOTl.  «.  I.  bray. 
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PERFORATION  OF  REINFORCED  CONCRETE 
BY  SPECIFIC  BOMBS  ANO  ROCKETS 
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PERFORATION  OF  PLASTIC  PROTECTION 


24S 

<*■  PROTECT** 
P  ER  F  ORATION 


DESCRIPTION 

PLASTIC  PttTtCTIM  CARSISTI  «P  A  llintt,  II  PttPPRTICAl  IT  Wlttf  U  Aim,  OP  TW  POUNMM  NATOIAUl  HUM  MIAOU 
AMItUTt  (tiiwr  (revel )-  «0(|  l  IMS  ST CM  SWT  PIUOI  -  SOSt  HAITI®  CITWII  w4/ar  COALTAI  PITCH  «  IQf.  A  UTO  « 
Till  limit  IS  lACKU  IT  A  l/l-IKS  TO  lA.IKS  TIICI  PUT*  OP  MILO  STttL.  TO  IKAIAIt  Til  ITtVCTWAL  OTICMTI  At  VCU 
AS  TM  ITOPPIN  fora  OP  TM  MATttlAL,  CIICUI  Vlkt  01  UPAtttS  METAL  IS  MEHII  II  TM  PUtTIC  lirrm  AT  TM  CUTU 
llttM  FUAT  mnu.  KCASIMAUT,  A  PI«T  PUT!  *  S0-4AMC  («r  kMvIer)  ITtn  IS  APPLIES. 


EFFECTIVENESS 

ITOPPAH  IP  TM  PVMtCTIlf  II  UAICLT  OUC  TO  TW  UU! ISO-IP  AM  VMIIM  OP  TW  CAMS  UPOkt  IUCIIM  TM  OAtt  PUT*. 
IUSM/CA  AS  Till  Ptoessi  MAT  OCCIR  IK  A  UNI  INU  OP  MATS,  TWIt  II  10  IIAIPIT  OtPIKt  LINITIM  YCLOCITT  TOR  A  01  TO 
TMICmSSCPTW  MTUUL  SUC1  TIAT  TOt  SlOltl  MLOCWItl  ALL  O&UCTS  WIU.  PUFOAATt  Wilt  TOO  LOKI  mOCITItl  MM  WILL. 
IT  MT  U  SAII  OUT  THAT  A  (UTAH  PUCUTAU  OP  PIOJCCTILU  TUVtUN  AT  A  OITOI  TELICITT  TILL  It  OTOPPtS  IT  A  OITtl 

niuan  op  rustic  paouctim. 


AMOUNTS  OF  PLASTIC  PROTECTION ,  MILO  STEEL  ANC  SPECIAL 
TREATED  STEEL  REQUIRED  FOR  *  ADEQUATE  PROTECTION  * 


I8WPCRPORAT10N  AT  NORMAL 
IMPACT  ANOCLOM  HARM) 


PROJECTILE 

STRIKING 

PLASTIC  PROTECTION  | 

[  MILD  STEEL  ] 

SPeOALTREATED  STEEL 
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ft /ML 
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Crlllsh  <O3kvMuHV5.Cj0 
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£0 
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Asnricoa-JO  ««mMn  Bdl 

2300 

t/u 

1*  I/M 
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Brit  Nil  -JOKXA  AP 

2440 
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2-'/4 
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1.04  • 

42.4  » 

.Tl  * 

£9  • 

Armrlcon-JO  col, IAS  AP 

2300 

S/M 

V'/A 

44 

1. 10 

43.1 

* H 

34 

BrttlAh  -.35  Mich  AP 

2400 

1/4 

3 

?t 

Am«rleoA>.30  col.,  14-2  AP 
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>/M 
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70toM 

2.20  * 

89. A  * 

I-Vs 

«0 

BrilUh  -tO  mm.  AP 
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•/4 

IVt 

no 

Splinter  Iron  U  S.  230-lb. 
C.P.  Bomb  ol  3T.3  HW 

mm 

S/M 

M/A 

u 

1.33 

38.0 

0.9 

3« 

NOTE3  V  <*  MM  taaOtef  |tH  A  AIM  flfem  «e  (lliMlM  fr*J»  Ike  etwttt»il«a  ltillMAMHaN» 

1  .  Mill  ItlclMH  OtttuAUf  M<ltv|  (1*1*1  feral**  It  Ilrt«n7  »r**or«M*l  M  Ik*  mm  at  Un  are. «*MN  uIIPi  lfW«l 
M-t«l««  — IgM  HunHana  |ln4ili|l«ln>NN)  ttt  MrOUe)  <OhU|  aaO  Inmlj  »m*«Um*I  K  tW  WM «f  M»  bIIM. 

PRoaAnjrrw 
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WEAPON  DA'S  ^  ^ 

PERFORATION  OF  HOMOGENEOUS  ARMOR 
(BHN  250" 300  BY  AMERICAN  PROJECTILES 
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WEAPON  DATA 

PERFORATION  OF  THIN  HOMOGENEOUS  HARO 
ARMOR  BY  SMALL  CALIBER  AP  PROJECTILES 
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Tk«  graph  ihov*  tka  r»l  at  la*  batvaea  parfaratlaa  Halt  atrlklng  valacltp  (par<«ratlo*  Halt  raaga)  afck 
tklckaaga  af  Plata  parforatak  far  Callkar  <  SO  HI  aak  Caliber  ,10  M|  At  projactlla*  flrek  agalaat  kaoa* 
ganaoaa  Nark  Araar  at  AMI  tlO-.ttO  at  aaraal  laelktaae  aak  at  aa  okligilt;  at  10°,  Tka  Halt  veleclty 
aoacaraak  la  that  at  vkleh  tka  prajaatlla  Jaat  gaaaaa  aeapletalp  tkraagk  tka  Plata  (*avp  Malt),  tack 
vaiae  at  Halt  valacltp  carraipoaka  ta  a  glvaa  raaga,  kapaaklag  aa  tka  V •  at  tka  gaa>  Raaga  valaaa 
far  eervlce  aaula  valaaltlaa  ara  glvaa  bp  tka  appraprlata  aealaa  at  each  alka  af  tka  chart, 

laeaaaa  af  lakaraat  acattaref  tka  kata,  raaalta  ara  praaaatak  la  tka  fara  af  a  baak  aak  aap  ba  teakek 
apaa  at  aaparatlag  twa  raglaat  af  tka  graph)  (a)  'vaUarakl  1 1  tp*  ahava  aak  (b)  •aafal.p*  hatau,  Tka  0 • 
bank  la  kraaa  ta  laelaka  abaci  ft)  of  tka  avallakla  flrlag  kata,  vklla  tka  10*  kaak  laslakap  10)  af 
tka  kata  far  tkla  aaglt. 

Vkaa  tkla  Roeepaaaeca  lark  Araar  la  tkla  Irlaall  raaga  it  atak  aa  aircraft,  tka  Halt  valaaltp  la  aaa< 
tlktraklp  laoraaaak  k«a  ta  tka  tlpplag  affect  af  tka  ckla  af  tka  Plata,  Tka  lacraaaa  aap  aaaaat  ta 
aavaral  kaakrak  fact  gar  aacaak  If  tka  kallat  Ip  la  a  ilkawlia  paaltlaa  abac  atrlklag  tka  araar* 

txupui; 

Aiuti i i»i aUit  itfimi  FT  "  1  '  U  II  tuiu*t»t  ivum  miia'-UMiti  II  .  ■  v 

ot  ••  vMft  •  MlOOlIf  ol  till  M/ooo,  ,  ’  . . A  it  •  •>»(•  III  to,  thiol,  l  f”  m  »* 

ti>0  tiltkl  it  olbto  Ik  I  gkagt  |  gi«at  1 1|  ||  .  ItO  ttlttl  •»  llfl||i|  PlUtlli  Ilf  l%(  I)  * 

lop  tii  l/%  !•»  *»•  roti  if  toiiMiii  Ut  It  //  itiff  ir  fan  ttUbi,  niiwiti  n  »*ta)  a  I  /Z 

i im  to  tool  or  H«  in  lifikM  •»  Hi  jl  Ar  'Mill  h»  nai»i  u  h»  i »#  i*»i*f i  of  I  yy 

!••#«  it  u  fibiooohio  u  amt  Hit  4im  //  /z  ii*  h#*#.  •o*#»i  iiNivniMiiAAtit  rli  i  latoo  yy  yy 

•  lot*  Ihllhooooil  (flitir  Hi*  i/%  |0*  -■« ,  Ml  III  H*  I#  HI  Ml  III  it*  l%«  »UtO  h  a - 

■ill  ho  tilt  o»«i«tt  tho  srojoitllo,  tphi  to  1  (y  Zfl  fiiiftti  I*  •*  Mhol*  to  W  ttU  ootiool  .'i' .%•— 

thlohoooooo  Iom  Uoo  l/|  lop  till  io  o#  I  •  ^  j  oJMhiot  •oWoUioo  lm  i»a  lift  M/m  i  lV©*® 

MMhlOa  I  !  I  CfOOfOO  Ifholo*  l%»0  /M  0»  HI  fit)  1*0  I  I 

:,B  ^  1  1  1  ««to«f ohio  lo  ooloollloo  oiooio*  Ha  1,1  ^  * 

till  II  MOO  tlOOOOO  loll  IhOOltlOf  IM;I.) 
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WEAPON  DATA 

PERFORATION  OF  HOMOGENEOUS  ARMOR, 

BY  TUNGSTEN  CARBIDE  CORED  PROJECTILES 


Ituiu  tf  I  Mart  it  teittor  tf  flrlt*  titi,  rtttlto  tft  Ktuitto  m  k«^i,  (k  tick  tkllitlly,  tto  ktto  nu  irm»  to 
lncIwU  K>)  *4  tto  »olnt».  (4tx<  tto  ««UN<  fro}7«tll»t  it  Kiltir  rttoaly  tkre««k  tto  kttof  it  *#•  ttort  to  to 
#vUtot  m  Mr  it  In  it  ItolcitiA.  TtnjiUi  ctrklto  corn  Midi;  trnk  il  oa  lakact.  If  ttort  lic*o;lito  tlitoUfttlto 
of  tk*  eert,  ycrforitlm  of  tto  Itolcittt  ikl-.kntu  U{r  Ml  to  itUlito. 
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kina  m  wnk  tonlCM  71a  at 
•ralKtlll  itrtHu  *t  M*«ttki 
Mitt  •»  tM  H/ik.  ta  mImi 
tliti  ttlkoiii.  iM  I  la#  m* 
«1  law.  null r  Mtala  t» 

il#  ti  ki  i  ta  t«  antK«  a 
ta  aa.  It  II  iwwlli  U  M**» 
tat  tiiti  ttieawMi  i»ik  ta* 
ii  in*#  an  a  wfi  atiat  uu 
tniatll!,  1MI1  tkl«a»MM  In 

ta*  I  lata  ail  to  atanM* 
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I'tlUriy,  for  ttt  Mto  |n« 

tur»U  Mf(ruU  •  fMt  tto«t  t  1% 
Ulck,  tavOw  *f  tU  rtrlklaj  nit- 
Clt;  f*it  kf  f«HOftft|  tk  llltU 
•nk  tf  Ua  Hi  Irrfc.n  tf  tW  Wi 
«8»  to#  rw  ft; tot-  YU  M«t« 
Mtrrto  U  UliUlj  UUmN  t>lwt 
itriklff  vcl  Ittt  tU*  070  t\Jm 
md  to'MTvVt*  WuttolUto  tmtW 
Urn  UM  fWwt. 


MUCtt  but  m  tiptrltotU  ky  Aar Imi,  to  It  Ilk  tto  toat'u  ollltory  tttikllttatito. 
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WEAPON  DATA 

PERFORATION  OF  MU>  STEEL  ARMOR 
(BUN  100-150)  BT  UNCAPPED  AP  PR0JECTLE3 
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V  •  Hi|ll  1/  can.  r«Wj 
4  •  ifnkr  a/  can,  indkcc 
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•  *  Ulckaua  a/  flilf.lidn 
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■Mill 
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taiiMn 


a  •  PUTI  TMlfH'JI 

Tt«  fraak  ahon  tka  ralttlon  Mm»  Krfaratlea  Halt  valoclty  and  tkicknara  ef  ytita  rarforitod.  Tk*  Halt  va'telt* 

(  ncvc.d  la  that  at  vhkk  tU  rro^tlla  J.at  puma  corjlataly  tkronth  tha  flata  (Bivy  llelt).  Tfa  data  rciriaent 

?£Vi*re"!*  l{f  *'«  0,:o  IkM  ta  t%«  Inclvea,  .»4  ta  tar  O.M  Md  mMW  S!2i 

Kikatad  arojoctllaa  flr.4  atalnat  add  ataal  araor  Kl  IC3  -  IM  at  aorwl  IneldaSca.  #  “ 

{•*•**•  **  Ihko'dM  *Mtt*j  af  data,  tka  raaalta  ara  araaantad  In  tha  fara  af  a  krsd.  n»  band,  tkarafera,  ur  ha 
l*Ma4  «»an  at  atcuratlnj  two  ragla.ia  af  tka  (rapk,  corracPMdUg  ta  vwlnaraklllty  (tbova)  and  aafaty  (tjloaj,  1 

Djunut 

Ativan  a  I7na  WO  ara  loot  Ha  \ - 1  II  llallorh,  fef  tka  alvaa  - 

•'««»  •  Velocity  *f  V  K0>9ftlU  k)  flroj  y 

ll'tii'*"  *j*  !•!“*,♦'  \  .  »t  *  »laia  2  Inc-.sa  thick, twa  ,U  . 

jlata  thlcknaaa  atoat  l.l  In.  A-* _  «altK>  ef  tha  atrlklm  valwlty  VT.  _ 

and  I  Inotoa.araraad  ky  fol.  ^  —  raa.lt  by  raedlrj  tha  two  Uv- k^? _ 

loalni  tu  I  Ina  to  aaefc  of  tt*  \  . •<*'•  *f  tha  band,  navrly  .Vest  *  V- .  — 

tva  berdaraaf  tha  kond.lt  la  \  ISMand  I7fl0»t/»5e.  Tka  ylita  \ 

raaioiuijla  taaaavra  tkit  alata  1  j  rafarrcd  to  la  llkaly  ta  U  \  f 

thlekw.-jaa  traa'.ar  thin  2  la-  ■■  J  aafa  a-ulnat  atruit,|  vr.la-  Wr-  -  ■  ■  ■  ■  i  .  ,  ■ 

ehaa  wilt  ba  aafa  aralr.jt  tha  - — W.  cltlaa  I«;a  than  10,0  ft/«a  - -  L 

fl.an aralaatlta, whlla  thick-  ,/r~  n—  ar.J  c.lncra'ala  {a  volcelttaa 

naa.aa  lota  than  l.d  Inchaa  Kaatar  than  I  WO  ft/aaa.  \  * 

will  ha  valnarabla. 

IWICll 

^ tN  **’•'  ,*"4'ch  Ubdfktory,  OallavM,  ».  C.,  and  tU  lUtlcnal  DaftMt  laattrch  eonalttaa, 

»HMt  IfM 
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WEAPON  DATA 

PEAK  BLAST  PRESSURE  AS  A  FUNCTION 
OF  DISTANCE  AND  WEIGHT  OF  EXPLOSIVE 


VALUES  IMOICATBO  AFt  CSTItJATtO  AOOUtUTf  TO  ABOUT  SS  MR5SHT  AI59  ARl  AVfcRAMS  OF 

kA«2  BUt'CCR  OF  ISrASURGt.'ZMTS  OM  ALL  TYPES  CF  001203  AKO  sEX?L05IY2S  .  ..  . 

atoi  Rccdlnji  tclsan  *Ui»  fhj  jwsj  il3««v  to  tho  Wait  »cv«i  toe  raea«on  *ou6»,  p;«*»uro  volcoi  ihowld  U 
■  opiroiilrACtclf  (Poublod. 
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WEAPON  DATA 

POSITIVE  IMPULSE  AS  A  FUNCTION 
OF  DISTANCE  AND  WEIGHT  OF  EXPLOSIVE 

FOR  TUT  FILLED  OEKEUL  PURPOSE  (OHM 


KA2* 

"  J*  POSITIVE 
IMPULSE 


MEI9NT  OP  EXPLOSlVt  (TUT) 
H  M* 


I  MTU  UK 

I,  ILaillistt/*?. 


DlSTANCf 
r*  /ut 


EXPLOSIVE  FACTO** 

To  obtain  poiltlv*  l»* 
putt*  for  on  iqual  Aft 
of  •  dlffinnt  i*9 lo¬ 
ti  v«,  Multiply  final  I, 
raid  froo  th#  no«ogri«, 

vyt 

Tom»  I- IP 

NBX  l.« 

Hlnol  2  I- *3 

Trltonal  I- 1 1 

e°(W!U!«J«i  >•« 

TUT  I -00 

Aaato  I  (SO/ 60)  O.M 


tmv’4  , &c=tj4 
MDlML'illa 


THU  •  biet  glvaa  vduii  of  th*  poiltlvo  Input##  molting  froa  detonation  of  THT-flllid  Oinord 
Purpoio  (C?)  boabi  it  ground  I  oval.  Roiulti  rafar  to  gaujf*  pl«#d  tidt-on  to  th#  bint  uivt. 

Th#  nooogria  repraianti  tha  asp  tried  rotation  j  .  54^tvft 

Vhira  I  li  tha  poiltlv#  Iryulsi  (Ib-.lllliec/ln*),  bated  on  preaeuri  In  ««««• •»  • 

r  I*  th#  dlitanci  freo  tka  orjloilon  (ft)  and  *  It  tha  ekarga  «ljht  0  *)•**■••  constant  U  this 
aquation  li  in  ivartgi  for  Aairlcan  6?  b*t».  For  othar  eaplcalvoi,  oultlply  find  I,  raid  fro* 
iHuogru,  by  faetora  glvm  In  tiblu  for  othir  cut  wOght*(booi»  typsss)  m  abut  2A2*. 


•Ravlud:  Auguit  1916 
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WEAPON  DATA 

BLAST  IMPULSE  DUE  TO 

DETONATION  OF  BOMBS  AT  GROUND  LEVEL 


wstmc 

IUST  IMTUISC 


r.:  t 


Tkla  imiI  |l*a*  lafaraatla*  a*  tka  Minltaaa  *f  Ik*  Haiti**  air  klaat  lajultt  rataltl**  fra*  latawatl* 
tk#  irttMi  IniIh  nlM  in  kaaaf  n  ndlMi  a*  |«««*>  tlacal  ta  tk*  klaat  wtva. 

TM  tall*  jlvo*  i  hImIIm  *1  IhhIh.wIm  far  tMrlui  keafe*. 

IU«r  I HW.lt  non  MtnttUI  MNttt  feattfv*  1  ***!*«  par  Hit  Iraa,  lk-*rr#/l*~ 
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1.7  1.1 


lacvrtcyt  it  u  MllaM  tut  tk*  mu  «f  *  l*»t*  < 
Tk*  poaltlv*  laptlt*  U  air  la*  t#  lateaatl** 


t  *f  t*>ti  alll  rat*  altkt*  U  *1  IM  <*r>*UM*l*a  takatala*  vataa. 
a«  aiplatlv*  char i*  aa  tka  tarftc*  ef  tk*  |rt «nl  la  |lv*a  ky 


I  •  I  *•<“->  | 

khar*  t  1  •  foaltlva  lapali*  par  anlt  araa,  Ik-aillitrt/tt'.  |  •  lapletlv*  fa': tar  (valaaa  )  fatal  kalaa). 

a  •  HI|M  *1  aaplotlva,  p***a*.  J  •  Catilvalait  cjrllnUr  eh>«/iiil|hl  rati* 

r  •  ftlltaac*  fra*  aiploalaa,  /l.  ,  .  2.711...  .  baa*  af  eatural  lojarltl**. 

Tk#  #«*i» alia!  tyiialtr  «k*rfa/Mi/tl  rati*,  1,  la  tka  rati*  aJ  tha  walfht  at  chaff*  ta  tka  total  valaht  af  aa  #•*)«*• 
laat  cylindrical  kaak.  I*  aaolvalant  cylindrical  kaak  la  daflaad  ta  k*  ana  with  tk*  aaaa  v*l}M  at  atplaalv*  at  tka  aa- 
taal  k«*b,  anelaaal  la  a  cylindrical  ahall  of  tk*  atata  aatarlat  and  vltk  tk*  aaaa  I Plaraa I  alaaattr  and  internal  valaaa. 
d«*fd  at  tk*  tala,  tk*  thlck«*tt  af  tka  akall  aal  anl*  ktln<  atual  t*  tk*  tlfaaal)  thlcka.it  ef  tk*  aataal  hoak.  a  la 
|l«*a  appratlaataly  ky 

1  4w‘(t  «%»]  WW  *r  irltaaal  tkla  T *  ClO 


i  •  laak  cat*  thlcknaaa,  iaatta. 
b  •  laalk*  llaaatar  of  kaak  koly.  iaakta. 


tit  * 

p*  *  Sanalty  af  cat*  aatarlat.  li/i*' 
p.  •  Cm*  It;  ef  ai»la*lva  fllllnt,  tk/la* 


an.es  in  ««m,  i  »**' 
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•  far  aacaaaf  ch*r**t,¥k#r#l 
S  *  1  *»l  t  •  «■**££) 


ttalrtltat  trtlndir  Ckaryt/btlakl  tatla,  J 


i*fi  »t?-k.  »bi.  inu-mi) 
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itgati  till 


CONFIDENTIAL 


V  -*>•.  N. 
■  *.'■*:■*  :* 

-  *  '  •  .t  . 


WEAPON  DATA 


SIDE-ON  AND  FACE-ON  BUST  PRESSURES  8M  AP 
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iO  Ki  Vy  U  K  )0  10  H  M  Ito  Its  IW  KG  HO  t€0  170  MAO  £■'*.  _  p 

* 

Ttw  eragfc  glvee  tin  raintlea  beUwn  ?ict-vf.  »ro«iwra,  f«,  rerorfvd  fc*  4  »!!>;»•  find  in  •  *>  Infinity  rigid  trail  fading  the 
Mati,  ah  oU»~m  (xttixrt,  7(.  nuuriA  hytgoii;v  vheee  fact  ia  earalial  to  the  dlrutlo,,  ef  aotion  ei  tia  blent  »«l. 

Hi  aof*>:ran  Imilcatyd  ara  !»  easaaj  at  ataoaykarle  Katina, 

Tn’a  reiatloncklg  la  dodvtal  f.' j»  tea  t4f,kl(vf*ko|ofllel  tatrelet  tha  Incidirt  slant  wava  la  hava  a  fiat  te*>, 

lawavar,  tla  enrva  it'll  | Ivt  t.-.a  f> lat  Ion  kotvun  tha  Initial  atria  of  tka  nraaivra-t  lae  ryrva  tattled  fro  an  aajloalo*, 
a &cr*  f ,  Is  Initial  eaaV  |rt:ira  la  tha  mwjrlng  wtvt  (ca  (Ivan  ky  a  gargr  a  Ida-on)  and  ff  la  Initial  bank  la  tke  Utt 
ra»i*vtad  (tea  any  flalta  ekjnot  trek  aa  a  taiga  a  larva, 

If  a  alda-en  out  vara  glacad  la  frant  ef  an  aetval  nail  (I. a.,  ona  af  finite  aitant  and  .’tyldlty),  and  If  ansttiar  more 
tat  faca-an  In  tha  nail,  thci  tha  ahovn  relation  valid  acyly  tscarately  to  tha  Initial  ghaana  ef  the  bi.-at  gmjury  rao- 
or d  attained.  N^avor,  l»  thin  ralatlon  wsra  ayyllad  to  tha  rntlre  areaarra-tlaa  carve  It  ttcvld  predict  feev-en  graa- 
•  area  that  art  tae  hlfh  at  latar  at»?:n  of  the  racKd.  Tha  rtaoen  far  tha  deviation  la  that  tha  above  forvula  dear  not 
centlder  cat  nation  ef  the  vail  or  dlffrastlen  ef  tta  vavt  arevnd  It. 
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Mttntm,  A/i* 

V.*  ;fuk  |!vci  tkt  toii!  lafaiiu  tttlvnrit  to  c-\  *1»m  lltk  if  Wtuttlt*  of  •  rtcUtttltr  tflinfrlctl  Ttti 

tiff4  Ik  oKb  It.  rer  cUr|r«  k*vln|  « Itlaar  of  UM  tkow  fo.-M,  t!>t  loalu  f*r  cult  mI|M  ai  k«  c*v-rol«to4 

•  It*  tkt  Ui;j  fkUor,  A/A',  «)»<*  l»  tkt  fit*  Ult  of  tH  CM/ 6*  t  IV  At  4  k;  tko  Hurt  of  Itl  |r«lnl  ■Ulltw'.t  ?<r- 

HWlciltr  It  Ih  ilit  (tts  iitUhi). 

Ifc.nrootttt  utro  wfo  1/  ooti  t  of  tin  laftlto  otkftlw  (too  ootrct  roftrntt).  CktffM  *.-»<!  Iktiatutt  vorltf  In  wl'Vt 
free  k  to  l-’k,  Ult  otl«htt  Mli*i  tltlor  i  or  l>lk,  Atfretlortcly  76J  of  Iko  ooiluriJ  iwtlto  vtltto  llo  oltklo  lJj 
Of  tie  tkfirleit  cwvo,  wklek  Ml  tu  ovitloo  |lvtt  In  tkt  frtfk  t'lwi,  okkrt  J  It  tko  It?olto  Otllvrrtf  to  tko  C/Tv* 
tick  fU-tnj,  V  It  tkt  wl|S:.  of  chtrtt  Oil,  A  It  tkt  tit*  tut  of  tko  cktroo  tr.t  A  If  tko  uiUm  o.-UmIoo  of  tktr«t 
piHtiltllu  t*  th*  tilt.  / ti  Utter  /Inuliji  mrt  ninnl  ft  Itf  ml  till.  A  krltf  ttrltt  01  tottl  lotlcitti  tkot 
tto  Vtltv.4  of  j/y  (Ivon  kf  tkt  tkoM  rtltilot  ftr  Tut  tiwclf  to  ojItLffllot  ky  tkt  follro'oj  fteton  for  otUr  tiylotltMl 
Tot  rj  1  I  .Sr  (H-J,  klnol-J.  I. It  ftnloUtt,  Caw. I,  Tctrytol,  TrltoMl,  cut  7AT  Ml  Awlol  W.M. 

tv  I  ekarec  ktvitf  tkt  lot  of  I  circuit/  crllMtr  tr  t  (nui’itrif  rtttmtvWr  klfO.  Iko  rotlo  of  tko  IwtlbO  fiilt- 
trot  mi  tko  tktr«»  It  fltett  tfft-ct  to  tfao  tltk  ts  tkot  oltk  tko  oktrao  tot  1*4-4.  It  *l*o  tlotl)  k* 

4*^-*  .  4<«  *  *> 

*iiAh  ® 

■fro  {It  tkt  il««Arro.»»  t*d»*  of  tko  Cktrtt,  toovtkitntlf  l>ktt  toko  tko  lt*gtk/fl«mf ar  rttlo  It  tks  ett*  of  ■>  «?llr> 
Wr,  tr  the  |tngU.to>tl4o  rotlo  ftr  1  t<ttr»  to4st  kltcii  (v,t  tktltktt).  Iht  liuti’  rolatloH  It  t  irojt  utrulastltt 
ftr  f  ktbmt  |  ytf  t. 

tfitcatc  _ 
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*9  mat 


CONCRETE 


a»  .cabbing  oe  ,*aar  facs  (to*  I Aaa t  ikittkti)  sarfsravloa  sfiaa  *»•«  aba*  (tat  tb!«9» 

■«•>  It  griiUr  iliu  tlia  ganatratlaa  4«»tb  tlul  *a«14  raaalt  la  aacalra  t«!{f«U. 

TYkl  0 1  (XflOtlVE:  tffacta  ar*  act  (rant!/  taicataot as ai» lost va  i/»a  »r*7 14*4  chart#  Is  Uareafkij 

t*U|E»t  WW.'m.  tooil  •  Faatsllta  *9*41  *CI  P94e  •  40/99  Awatsl 

TCT/P(TI  Cyclatal  tU  Marie  atU  f.  4.  »• 

T9T/S!  M.  tf  441  Is  Yatr»tal 

t«lf  lUIMl  #s(sa4«aet  aa  aatarUt  *ot  tktctaaca  It  «at  trait.  .  .. 

UatarUlil  IIST  .  frtnat  algal.  Foroi  larja  ala*  »klch  at?  stick  la  bols,  sr>stlall)r  If  coat 
angle  n  iatt  tbaa  **o«t  79*1  M?  tbas  Istalr  la«srtl»*  cl  4«:olltlo»  charts. 
9999  •  aim,  Bola  aeaiwhit  ihjllowar  b«t  of  larjar  volspa  than  with  atasl,  Lsaa 
tabrla  U  laft  :*  kola,  taat  brail  ant  <c*t  eaajiaiii  br«ni#  al»o  fact, 
Yklcbaaaai  farlaua  thlciiasasat  avaJ.  Iigarlainti  laileata  sttlaaa  *ilao  of  abaci  «.i  iaot  (ataaf) 
for  a  ckarfa  el  4-lack  4laaatar«  aat  walihUi  c»»» ai laata Ijr  Itt  Ik*. 

ten  AJSHi  Hat  irtriaili  critical,  9»t  49°  ta  CO*  imllj  iteftit. 

Uk»T*-#U>iCTE*  KiliOt  faloaa  af  »/4  (isa  ikaUkaa)  k.Wttn  i  oat  I  ara  racacaaatiat, 
lfA*r-cff  BISTAnCI:  TSs  «;tlavo  otiat'-sf f ,  *,  »»M»ra  »a  k*  satwaaa  iboct  i  tni  li  tlaastsra, 
tSkCXEU  sm.naYll:  la  taaaral,  allfktijr  !ir*ar  tat  aot  ta«Mr  kalaa  raatlt  la  aoftar  corcrsU. 

PiUSOI  TIlTli  Tr  I  ala  latleato  tkat  a  7b-lh.eh«r|i  will  tafa.t  a  l-ft.  thick  pllikok  wall  aat  Ursa 
actk  catsSla  af  latkal  sr  lacuaol tatlni  affacta  aa  aip  oecsacafa. 


raw  bj* accMTi  c rt  *a.  imnu  MMt  a*»  or  saroaa  mum  oa  awaawr 
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**  1  Clu-LiiV  ■k'  IsZ.rtf ‘4 

u*  *  rT***^*rn*~M I  ».w  i  i  g.TPio.itU  i- a j  - 

OUUWIt  At  Mml  IkIIimi,  ta  BAT  I0B—  HAT  tsvla*  a  lulll  valaeltp  of  KA  /!/«**  **A  i  brlit  af  I  la  10  all!  Nr< 
Tara**  Akaat  I  leaf  ar—r,  at  tkaaa  li  tka  IUii  llaai.  At  10*.  (la  aarfor— aaa  all!  la  akaat  •  a  1.17  •  t>l  la 


rurmwaa  «r  tuticsui  mapmii 

Tklckaaea  «f  Ar—r 

(HW  PaefaretaA,  la 

foe  rail  iMlAaal* 

«  -  «AT  UUt(tAiaeaa)  »4 

Al«4il  uai  n.l 

A  CAT  17 —  T-M  M  A 

KAT  7t—  AM  «.« 

AZAT  l<£—  1*7  *4 

•r  •  PUT  *.» 

AZAT  1.Mi  I  At—  l.l 

ear-  fiHirlHit 

(to.  to  t  in)  ui 

liuiiKkrat 

(Car.  Am— a)  U 

Am*  A.T.  t—ltal  SaaA 

Iraatta  14 

A.P.  BUta  OraaaAa  1 


itcTte*  m  ttfical  ewt-uk 
•ouar  chub  rtutCTiu 


Tka  aa—graa  |lvaa  iklcrnate  af  kg-eea-va  araar  parfarataA  Ip  Hear  aw  Jate 
free  toae*an4  kail—  ilvta  iri)i<M  aaaieaa.TM  tafarlplap  aaplrleal  ataa* 
tlea,  let  Mil  (rea  torferuaea  recorAa  —  aataal  —aaim  U 

t  .  tJi  '■»♦«».  /tU1 

•  UlaTal 

•*>*«  /fell  •  1.0,  0.6*,  0.1.7.  O.tAw  Tar  aA  *  0. MO, 000,000  M.ai  la 
—tlvalp.  (eoe  aetaitea  ea  aeaapraa.  I 

Pattara  tack  aa  tklefcaaia  atA  aat trial  af  llaar,  tppa  aaA  Attain  af  ovaIm 
ilva,  coaflamat  af  il-rje,  ataaA-aff  fie  tame,  at*,  ere  aat  taolaAaA  la 
tie  relation,  altbaatk  cutgei  la  tteaa  fuatltlaa  ere  raea—elkla  for  ee— 
verletlaa  la  eaaarvaf  rnelti.  ultk  tka  Kflrlal  ratattaa  e*af ,  Matter  la 
tUfataoraeltAat  anklet  a  flittiwtlaa  keteeaa  fepit  e/  Peaelreilea  la  ate 
live  plate  aa*  illitmi  af  Plata  per/ereleA.  Tke»  tka  traeaat  ralktlaaalli 
ka  etafal  la  eatlastlni  perf  trance  af  aap  —atari  Anient*  aeetrfln*  tarta» 
•atakle  practice,  tat  ifcevl*  ke  e  one  I  fere*  a  i  aejk  pelAa  ta  Aa  aaa*  aalp  la 
tka  akaaaca  af  aiMrlaaatal  fata. 

Stale  l:u  ereaeleljfer  projectile*  kavlep  aleel  llaara  aaA  filial  Cr« In¬ 
tel  ar  Pantallt*.  tvploelvci  ccrklaleq  kick  p erer  wltk  kick  rata  af  Aatona- 
tlan  lire  (raateet  tirjrt  Ax'.t,  ta  tka  aeration  dev*  •.*><—,  rotr.teA  fa* 
jactllee  for.irallp  foi*  akallcvjr  crateral  krajvar,  tkaaa  ar*  I  Italy  t*  kn 
viler  tk.e  tk*  creteri  Aaa  t*  atatl*  Aaiaaatlaa. 


'r  a,*e***?y  n>><e'U  |  ^  >»  |»  ^a 


^  h::  ;ij  ay  itoia  tr*a  a  tcic'  i  iTcec-tno 
Wernia—  ma,  **I.A  ii  .fire*  ev  eareel  laalleer 
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MACH  REFLECTION 


•ft*:  *  chnrga  I*  dotonatgd  gbovt  ground  *  a  bock  wav*  kill  agraad  out  alaoat  tghorlcally  >•  thoun  *t  A  I*  tin  figure  *• 
hovo,  which  la  a  agctlorf  In  a  vortical  a  I  an*  gelling  through  th»  charge.  A*  thla  ahock  va-o.  callad  thu  tnc'dont  wav#, 
atrlkaa  thn  ground  It  la  raflactad  an*  th*  altuatlon  la  goaawhat  at  thown  at  8.  If  tho  gr,  md  Wirt  Inf  Ini  tulj>  r  tgld  and 
If  th*  ahock  wava  war*  waak  (that  la,  olaoat  a  aound  wav*)  th*  raflactad  w«v*  could  ba  conatraetad  kg  laaglnlng  that  th* 
graand  la  rnglacad  kg  air  *nj  an  agual  chug*,  th*  no  callad  long*  charge,  detonating  at  th*  a  ana  tin*  at  an  aguul  dig- 
tanc*  kalat  tha  ground  and  In  I  In*  with  th*  actual  charg*.  In  an  actual  oagloalon  th*  raflactad  wav*  differ*  f  rata  th* 
on*  conatruotad  I*  thla  oannar,  grlaarllg  boctua*  th*  Incident  wav*  la  atrgngjr  than  a  aound  wav*. 

Th*  angt*  between  th*  noraal  ta  th*  utv*  front  end  th*  nornal  to  th*  ground  aarfac*  la  callad  th*  angloof  Incidence.  It 
haa  b**n  found  that  for  «ach  ratio  of  th*  *r*aaur*  In  front  of  tk*  ahock  wav*  to  that  l***dlat*lg  behind  th*  wav*  front 
thar*  I*  a  critical  angle  of  Incidence  beyond  which  reflection  of  tho  tyoo  ahown  at  B  It  laeottlklt.  Thu*  there  la  torn 
dlieo  along  tho  grcun*  wharo  a  n*w  tygo  of  roflactlon  colltd  doth  ra/itrllaa  tekoo  glaco.  A  now  wave,  called  tha  Mich 
wave.  It  for  and  and  thn  altuatlon  It  ta  llluatratad  at  C,  D  and  I  In  th*  flguro.  Tho  Intoraactlo*  of  tho  iMldtni  vivo, 
tho  rofloctad  vovo,  and  th#  Utch  vavt  la  callad  th*  trlgl*  golnt. 

At  th*  ghanosanon  grsgraato*  th*  Hack  wava  grow*  and  th*  trig!*  golnt  doacrIWt  n  cvrvt  through  th*  olr.  Thin  goth  ho* 
haon-otvdlod  In  dotall  niytrlnnn tally  an*  *  tgglcal  gath  It  thevn  In  tk*  figvr*  akovo,  Othor  gatha  art  uhcanlntbn  law 
*r  flgur*  of  ghagt  1  At, 

Aa  tha  Ktch  wav*  grow.  In  hglght  It  thoorhi  th* 

Incident  and  rofloctod  wavaa,  Ultlnntoly,  at 
dlatancaa  vary  largt  corgartd  to  th*  height  of 
burst,  th*  whole  configuration  of  ahocko kacoaaa 
oggroilcatolg  o  olnglo  ajherleal  ahock  wav*  la*  ; 
taraoctlng  th*  greund  orthogonallg. 

Th*  gratturo  and  Injulaa  at  a  golnt  which  It  a  ^ilj, 
hnrltenUI  dlatenc*  d  free  th*  ehirg*  A  a  height  VSjo 
H  tbnva  th*  ground  go  through  t  mi  lac*  at  the  ;  cj 

height  of  turot  A  of  tho  ehargo  lo  varied.  Tho  *, 

height  of  dotoiutlon  which  neiloUaa  thaa*  auta* 


■rmiTinmw-u  i  v 


trlglo  golnt  pasting  oggroilootnly  through  (d.H* 
Tho  height  of  turot  whteh  Malsltoo  th*  grotaur* 
ond  Icgvlat  ot  0  golnt  altag  tt»  grind  at  a  her - 
Itontsl  dletcnea  d  fro*  th*  charg*  lath*  hglght 
for  which  deck  reflection  Ju»t  foroa  at  thy  golnt 
la  a  S3 1 1  on .  Thn  rotation  batvaan  d  and  A  for 
WglAt'ng  of  Mach  rofUetloo  It  glvto  U  tho 
|r»;‘  Ur m  of  tho  lulif  vtrUbUt  d/»y*  I 

Mttro  »  U  th»  wolght  of  chirgo* 


■■■■■I 


-JL  .fctU£.lS*!^jli.«'7t-ta3.{VrUuJlt 
wH  Vtha'M  b»l*’*t,  >«uni< 
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f<m  unoui  utMt  aiim 

luoUrt  l*  nlrolw  er* 

vcharg* waigkt,  ft 


fit*  W  TftfU  KIKT 

rot  YUioui  ctutu  Miuti 
HHktri  In  clrcloo  art 
>  ,  hailth;  ot  chiretj^P 
»ft  Vc'urga'aatiiit.  It 


_4_  .  oi»T.\!!Ct  Myo.cimw,  h-i. 

a*1*  VviUuCl  bnlanT.  paarda 

it  th*  Mlckt  of  daton*tlon  of  a  chargt  U  y»r  lad  *>*•  pcaltlv*  laffUa  at  a  flat*  horl»o«lal  dlitarc*  d  •«*  HoltSt  obov* 
oro'jM  H  get*  through  a  atalowa  whoa*  yaloa  ta  dcwotau  by  J,.,.  Tho  valvoi  of  •  fvnctlo*  of  «/*>n  af* 

plots*  In  ts  upptr  flguro  for  nvrral  find  H>*».  Tho  hoight  of  fatooat  Ion  of  tha  chart*  wtlch  will  MtlalaotM  la> 
Pol aa  al  a  point  rd.Hj  la  tl>a  ono  «Mch  *111  product  a  Mach  roftoctien  wh»*a  tr  Ipla  point  paaaaa  affroalaital*  through  th* 
po|r.t  U.Hf.  for  convanlarco  th*  lapolia  o*  tha  grorro  do*  to  a  chart*  dotor.Jtad  on  U*  ground  I*  alao  fjvoh  **J{ 
flgura.  In  tha  lowar  figure  **ch  cyrv#  la  a  path  of  th*  tripl*  point  for  a  flood  y*lo#  of  i/*S  *h*r*  t  I*  tho  hoight 
of  detonation  of  tha  chart** 

Th*  grtiha  nay  ta  yaad  to  detarnln*  fh»  halght  of  datenatlon  noceeetry  In  »r«ar  to  aaalalt*  th*  korlisntal  dlatane*  at 
which  a  pivan  laval  of  Inpulse  la  fvrnod  at  a  halght  H  atov*  tha  ground.  for  eionglo,  aoppoaa  that  *  building  00  f**t 
high  la  to  b*  attacked  and  that  a  pualtlya  Inp.lia  of  10  Ib-nHlliti/lo’  la  nacanary  to  accwpllah  tho  foalrod  do-itgo. 
tho  Insulae  ahould  h.vo  Ita  onilnua  at  half  tha  height  rl  tha  wall,  ao  tho  well*  of  H  t*M  foat.  taiwao  thot  o  «>*>5-lb 
1C  toot  f  Iliad  Ccso.  >  la  to  ta  w:*i|  It  la  found  fro*  !haat  US*  that  thl*  It  tgulvelent  to  J?J0  poarda  of  taro  TOT  *0 

*V.  for  no  In  thn  grapha  abort  It  la.  Than  l/y's  la  «.*}  *r4  H/yH  la  I.U.  Iron  th*  «?p*r  flgur*  w*  find  th»t  d/a«'t 

la  IT. t  and  oalnj  thla  vale*  w*  find  1  re*  tha  lover  figure  that  t/a#1^  It  *.  Thwa  tf*  beat  ehould  u*  dstOMted  at  *  h*lG"t 
*  ala  •  I S  faat  abora  th*  ground,  and  '.ha  man l»\j»  dlatar.ee  at  which  dautge  can  b«  tchlavad  la  l).i  a  I*  •  I9&  faat.  fro* 
tb*  dMhad  curve  In  th*  upper  tlgur*  >*  find  that  If  tha  chart*  had  baan  dateneWd  on  th*  ground  tho  loprlao  laval  of 

go  tb-nl  1 1  laac/tn*  would  hero  bean  rtichod  at  ISS  faat.  Thua  In  thl*  etc*  th.i  alrbwrat  Incraaar*  th*  rarlro  of  d*ai(e 

fro*  ISS  to  lot  foot,  and  Incroof**  t"a  *r«*  oner  which  daw;*  caa  b#  aehlarad  by  about  ttl.  Th*  auoplt  la  •  «f*  by 
dottad  1 1 net  on  tha  grapha.  i  chang*  In  halght  of  byrat  of  *0*  fro*  th*  optlavn  nolght  will  ehahft  tb*  lapola*  at  * 
point  Id. Hr,  fro*  by  10}. 

loft  UMl  Ut-t» 
loguat  lft» 


CONFIDENTIAL 


WEAPON  DATA 


IRE  AND  IMPULSE  ON  THE  GROUND 
EXPLOSIONS  IN  AiR 


AS 


K.J  atiesr  rnttrij 

rmtuM  a  iNhiuri 


TU  otrvu  to**  tU  rt*k  Hut  oroooar*  t  oof  1M  Ktltl*  Hut  lufou*  I  u  wuw««  »»  Tiur.tiw  ,w~> 

trt'.vi  tt  o  Urlltttot  AMt*»c«  A  frm  *  Ur*  tU/#»  of  w  »*r*a  *1  TBT  AotoniUA  it  »  Mir  •»  »  lev.*  tU  {rout.  Tko 
Sr^iwo  t am  UUM4  "6*  I*  oAUIftcf  frrw  «sM»sf*r;it*  st  friricw*  fru  •  eUru  l»  «;;^*lf  «tt*  u»wj>- 

tlw  tut  tU  kv«:iw*  fro#  i*  our-ili  AitoiwWA  «*  tt*  jr«.ml  I#  c*»tv»l8nt  to  tut  fro#  tn  K«*io  iOkOitleiAit!**  w*» 
AlaUieo  I*  *r?i  *ir*  TU  *tt.if  «»rv;»  «r«  Willi  «*  taatt  rtly  f*IO  Mr*  TIT  i*Uff*4i  i»wl«rs»t»  alt*  «i*M*<luU» 
KodouA  *VkV  «■«»,  irl  4*f*3tlcao  fro*  tU  tboorif  *f  r«*il»r  roflutio*. 

T*  fIM  tte  Ulckt  »t  (rtlot  *  tk*r{*  iboalA  M  *touU4  to  jloU  uilM  Mjt  * •*??? 

A,  rood  c)u*rd  froa  tU  K°for  v*l»»  of  A/#"  t*  It*  **rv*  tU*  Ifc  klj^rrt  *t  tut  ?>Ut  »«A  t:U  tkj  vtlot 
of  for  tut  twvo*  Tc.  fl*A  tti  UltH  of  Oilwollu  tilt  oSM  »I*IA  •  flf-1' Moh  oroour*  or 
tU  |ruti;t  dWUitt#,  rood  MrliuUtlj  fro#  tta  w  ar  li  t*  »tUo  Of  P  *t  l /**  to  t»o  ourvo  tut  llo*  fortiool  to 
tU  tl*jt  *M  Ui*  tt*  voloo  of  for  tiot  esrv*. 


tt*  *rostj;t  AUUiwn,  roof  Mrliufillj  frea  t 
tU  tiojt  omI  ifi*  tt*  voloo  of  f*r  tiot 


CONFIDENTIAL 


tafl  AU.lt  At  1*1 
JJNut  IMS 
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WEAPON  DATA  P^B"2r 

EARTH  DISPLACEMENTS 

DUE  ID  ItBERGROUMD  EXPLOSIONS  W  CLAf  SOB.  L2g“S£»™J 

lata  lltli  (M*  If  till*  •KflHiti  a  uttalla  rf  Halt  at  6  iurlwi  alll  tara  lurttti 


* IlltCI  k  Hill  limn  Ha  lata  IMItiU  Utl  l«  IM  rot:  al  min  IHtM,  tM  IlMlmmtr  tmiNl  art  lknm> 
•»*  *i  1  M,f  t*1*  u»  **»'•  til'l*  It  atsaltltlf  hrlil.  If  ill*  la  laatt  aaairiaaala  ft- 

flaa  fraa  »  la  ||  fall.  aaa  Ua  farraataafUi  aalaaa  a»  l/*"1  aara  lataaaa  1,1  <at  l.l  (t/lt*'*. 
itttiaff  tl  mm  Tfea  arrvaa  .nllal  tlaalaaacaala  afar  tta  aatlra  raa|a  alia  aa  aaarata  4«fliiraa  af  III* 

(Uxtlti  lallaa  Hat  latiaataa  llal  a  IIIMI.  aatrta  I'taataa  a  Ifaaalaal  aafllaal  aiaalataaatt  a*  I  lasaaa  at  K  II* 
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» nabw  IM! 


CONFIDENTIAL 


WEAPON  BATA 
PEAK  PRESSURE 

AND  'IMPULSE  DUE  TO  EXPLOSION  IN  EARTH 

MTANCC  (KM  Mm  WttSBURf 

I  SWMdi  cnm&  H«i  aw  bA*to 

tf  f  fC 

I  Wii  t 


B  5*1 


Ky  EARTH 
PMSSM-IWLK 


iQmtt'Xxxi 

|  9«Mi 

I  » 

«  Ht 


distance  from 
®u«e  f«9t 
r 


PEEHSLTIE 


A*-*** 

-KOOI^M^K 


-tOOQ  **■•«*« 


»mu  ItfMN. 

m  t.n 

n«Mi  j.M 

TrU«*«t  t.i? 

Mai  1,04 

*«**.  0  t,9« 

T1Y  l.M 


%.hX*  *.-£* 

WbaWaMl 


jCHWiC'-:  V.\-r3KT 

pound* 


KTIAWM  TOM 
ChAT.Oe  fu! 

r 

i* 


fc’.-WX* 

txmAxik 


IMPflLttE 


-*rb  »m-** 


- 1«  ft* 


^  r^ino 

*C*  4— BOOM#  *j«m 


-MO  VW'ttM 


4000  '.£*•** 


tfun  ^OWJJLA 

Irwn&w*-?* 

MU*i#n*  a  *MM 


Ojmutl* 


—  I 

Kil 


n*  of  HU  »uu.N  *nl  tultlv*  l«r:1n  I*  «n»  *irtk  <•*  It  Uto-.itln  of  ktnd  of  W 

««4  ko.1  flll*4  M/M  lot  ttutlui  »r«  kM)f  o«  Ut;i  fit  tVl  U.  I.  Cay.nlirt,  and  iiinulvt  mil  it  lit  tiiti, 

I*  tkm  lllll  Wl  eKtr**  hi  kirltd  »t  tki  Ujtk  glvlt)  ouliiv  crifiV  4li«**r  <2,1  «W),  ft  veiiari  and  Imlcti 
Hfo  niiwW  llllitil  Hpth.  tlr.lir  dlffir|*t  Mtcj'rlei!  ewoltlon  til  v«lr:i  of  prnnr*  in  4  I  toiler  will  dlifir  fra 
tkoa  glv:»  hire.  >  U  hii)ii  *1  •  oomtint  #c»tb.  vi.-|*tl*f.i  I*  tM  cUrgs  fijtk  Utrj;*  U'„t  0.7  eW  ird  B  »*k  ft  «•. 
H*r  »•  nedftj  -jjl.jlbu  tHnc»  la  r«li»r«  tM  l-;uU.  viU<i.  Ca  III  otUr  lied  ft#  find  clurgi  d«Hk  iluritU*  If 
th*  HJt>  dtjtk  CkMIti  »»fMl«Hi  dk*n;»  U  Hcuvri  *-/.urlM  -*i,  tUri  k»lr,(  «  (mini  licrim  ultk  dtftk.  ratal  -f 
*  for  t»lcil  loll*  wi  cyjvlta  fro*  tK«  vitcoitr  *f  nleilc  »kvil  la  tki  uliurfcci  ulirlil.  icttjlW  I  dtM«dt  •«  anr 
iKton  lid  ro*(4i  Hill-cUd  f*r  vi'itwi  loll  trail  itoild  k*  tmUiril  *  rivjk  ||IH  wly,  tor  ihIh'hi  otkor  tki* 
TCf,  i Ini  viImi  if  |:|||*|  or  laulit  Hod  fra  nuojna  UnU  U  »,iUtllc4  k>  tu  ftoton  Ukalitid  tk at. 
fniisni  auvrid  it  th*  larfMi  of  I  kirlid  uulvi  tircit  in  fund  tl  ki  ikoiit  tilM  tki  f.'ll  lirtk  «iIhi  alviikitkt 
•onotriu.  IwiIii  nlMi  in  WH*>lat<l|i  2,1  tlai  tk*  fnt  tirlk  ttiat. 

tttltfUl  Tin  fottid  1 1*1  (adleiti  tut  *t  ».  Ilitinc*  if  W  ft  fra  i  l(?;lk  ikira  •<  TU  tk*  aim  fn*  iirtk  nun 
I*  iliy  lt*a  *1)1  kt  ikMt  IM  Ik/I*  .no  lln  lukilii  limit  !,»  Ik-no/ln  , 

lift  PIN  ki.  k} 

•Utliodt  hfiitVir  l»a 


C0NFID3NTIA!* 


WEAPON  SATA 
PEAK  PRESSURE 

AND  MPULSE  DUE  TO  UNDERWATER  EXPLOSIONS 


RCil 


tMMwrnu 
PMSaM*MPUUK 


] 


nil  liltllO  '«}  tka  lataroatar  Si«!mIhi  IihiicI  kakaratory.  lltlllll  •<  WMi 


Tka  atalli  •nrr#»»»»ii  ta  tka  faltaalaa  aa»lri«at  i|iilliu  k^aal  aa  •  Itrft  •»»» ir  at  •aaaeraetatai 


"Wb**  M,400(*^ — )  **,  *  ,,80(t?»“‘S  • 

lii|ii  «in  Iecata4  I*  tka  anaatarlal  alaaa  at  lk«  c»arj»  aa4  vort  tlaea4  'iHa-u'  rnlatlva  ta  tka 
aitialai  rave.  i*anji  Aar.atiaa  cf  valuta  aktnlaa4  (141  ilffmit  tl«l»k  inf  IU  a;<ii'  al  1>  -  ()■ 


Tk«  akatek  akeve  a  tyaleal  araaaara-i  laa  Heard,  linea  tkr,  tail 
aartlaa  i1  lack  a  carva  a-,ci-e*:5i  vt«  y  alcnly.  It  la  aasaatarp 
ta  a-iaaara  I  ta  a  ckeaca  paint  In  ariar  to  aktaln  a  definite 
vtlaa.  Tkla  licit  ka*  tic*  chaaaa  aa  t  *  ti  ,  rkcre  H  It  Ike 
kloa  aaaitaat  at  a  4acraa»laf  aaeonantlai  tract  laa  ui > e k  flta 
tka  Initial  lart  uf  tka  cn'va.  AScalair  rataaa  Of  layilta  aey 
ka  latiicl  kp  it  eack  aa  It). 


EXAMPLE >  At  14  feat  a  ftt.lk  Mk  SI  ItiU  keuk  (cktr««  valakt 
•f  tk44  Ik. /In*,  ant  a  aaaltlra  laarla*  of  akaat  I.P 


TYPICAL  e-| 


-eirirkl  am 

/■»  *  Ai"V* 


*8 — &*—| - tP>«a 


•  alt  lk.<.)  ii’tlicia  a  eaak  araaaara 

Ik.  til. Mb*. 


CONFIDENTIAL 


April  IMA 


WEAPON  DATA 

MAXIMUM  RADIUS  OF  BUBBLE  OF  BURNT  GASES 
FROM  AN  UNDERWATER  EXPLOSION 


Tka  Ukla  alvaa  tka  'aalats  raklaa  at  tka  kakbta  far mi  ky  karat  |u.«  froe  u  aakaratla'  aryluiaa  m  Ii  <U  m  tUa 
Mdtlv  |l*a»  Ulan 


>fo*ol* 


■ktrtl  I  ■  tulM  rWI»,  /ill 

t  •  (tii)liil  fcwiikiil  M  NltMln  iWh  •  I2.X  Ik  ^  ft'k  n»  TIT 
V  •  aalgH  af  ckirc*.  fttmJi 
M  •  <ipU  «f  clarya,  /««< 
ilutihirlii  kart  •  »  rt 


Tkli  I*  4«rh»«4 tMoratlcalljr  li>  StC  IlMrt  CT-irlO-\JIO.  Tka  eanitant  *  hi  /’aliratM'l  .'ran  tk»  r«‘»t!«a kitvcaa 

tka  yarlod  of  *rU«tlo«  and  tka  rtdlviwklek  Ii  alvanlatka  akere  rajortarl  in  tkakyyllatf  Kit'a-astlct  fcnal  aaa«rt  tMi 
art  fro*  aui/m«ti  at  tin  yirlrt  «t  tka  UnAaraatar  bylaalvaa  taiaarck  Ukaralory,  Tk«  takt*  kM  ktaa  chaakal  it  aaa 
paint  k |  ll'att  aaaiaroaant  at  tka  kakkla  rtaiva. 


Jaaatff  ml 


CONFIDENTIAL 
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WEAPON  DATA 

•  •  *  j  . 

IMPULSE  CRITERION- DAMAGE  LEVELS 


C|  AO 

W  IKTJlUt 
OAMttf  ISVfli 


U  kklltlati  «*  vtll  kterl**  eeaatrtetl**  kti  kw  <1«IM  lot*  iU  ttllMli)  <iU|irliM 

*  Oeneitl  lilltlngi  Mortala!?  4tatlliMi 

•  tanini  twijrt  ?w»  Mitki.  it  om  f*wtk  *4  tk  mII  ivh  l»  tMtrty aat* 

41*  iatlf*  kalltlnf  It  ttlt  is  naffer  I  4  mat*. 

£  kM|*l  tar  I  vat!  y  Iwniri  Ik  ri|ilrl«|  rmlr  Wirt  Mn  Mt> 

»  S***r<l  Util  Ukltaklt,  feci  mevlrttv  WkK 

TV*  area  rail a*  tat'  aailaia  ratio  of  «ct  (aval  of  tutu  <tt  it  Hut  lu  lui  ntlnlnt  tt  fvilavti  fre»  tat  lu(> 
ttai  it*  veil**  at  tit  aa>  Waa  ratio  tf  taaaga  al  a  |lv*a  tml  la  avUlaet  ij  ctaaar leg  tu  tlituiii  latwu  ikakaak 
aat  tka  fartkaet  an I at  tf  tha  fartheat  kalltltg  atrffarlag  that  ta|rat  «f  4oaaf*.  tvarajsa  avt r  4  avatar  ef  lacitcai*  tf 
teak  ratll  far  lima  laaiaaitatttaly  fuk  Mail  atalaat  VltUi  tall  haarlx*  ceaetrattloa  art  |lu;  far  virlui  tlttt 
of  kaafci  la  iO  ilk  rulak. 

Tk#  rat*  rat  1 .1  t #  a  give*  itval  tf  kleat  taaat«  Iran  «  ktab  (t  tataraleat  «a  tha  ratlaa  tf  tk*  aircla  vita  tv*  heat-  a* 
center  vkWh  I  aetata*  a*  May  tillllau  atlil  to  act  atfftr  Ut  utclf'.  at  4*  or  a*  of  taaata  a*  thara  art  itaagil  tattf* 
lag*  a^.  *4*4-  far  a  >«ktr  tf  Inettenta  on*  «*araftt  tVa  vraaa  a*  ehtalna*.  Tha  ratio*  af  a  atrcla  atU  it*  uarau 
arta  La  tknn  ilia  avaraga  ataa  rattan.  Ivcln  ratll  art  ala*  Haiti  la  Ml  Hi,  rav'aaf. 

T>.*  ant  nr  lava  ratll  tf  t  (lata  Ivatl  tf  4tctg*  art  foot*  it  k*  fvehorllantl  «*  vN  whara  *  |*  tk*  vataM  tf  at. 
tlttlra  la  thn  beat  la  rtmt*.  far  heekevMekar*  not  ioa  tart*  (lata  than  ISM  Ik.  of  titUatvn).  TV*  ecaata.it  of  *ra- 
>~ttlo**tltr  4ep**4*  an  in*  Itvtl  tf  taMge  a.  vtll  a*  tt  ito  aaelatlvt  «a*t,  «tta  valght,  att.  TV*  ttataacf  fc-aa  a 
l«4  altV  v  hci*4*  of  i;i|lMlv<,«t  thick  s>  tlvan  tavat  ef  peeltl**  I  Mat  as  I*  obtained  alt*  It  eretartlarai  tsv't,  TM* 
amaata  iv*l  n  eorrelatl#*  ailata  btbraaa  latelat  aat  Vaenga,  (Tkt;  eorrataila*  I*  uuvUi  ky  thaeratlenl  rraaewrln 
tt  kt  fa ant  tnl.C,  inf).  Tit  taklt  otlov  five*  tkt  rtltilce  ktiuaat  rati!  ef  4*atgt  ant  !*#*!>*  tavat  a,  fevnt  it  aalat 
for  frltUb  tantifaeilaw. _ _  _ 

l  mAU  tmu  «at  i»uu:  tunnctiaa  '  umi  uttu  ret  oiwi  (wmtnu  I 

j  uatatumi  f**l  MW  tram  (vtamlaa*  tf  tkatanaaei)  I 

I  I.  Itwrillisaa'l*  tieUntcv****  fait*  hatha  l.  Ikvhlllaaafiv  I 


1 _ : 

Wan  r aalat,  I  Mat** 
Malawi  radlaa.  t  taa 
am  r-Vlaa.  t  IVM 
Mails**  rail**.  •  taw 
Man  rail**,  •  tarafv 


Mr  tag*  rvllta.  t 


|  iwvar  unu  foi  uwe  eeuTtveriM  1 

1  Maw  kataralaa*  k;  rkataami)  1 

tl* Unti-r****  rata*  kaaka 

lUtlliw^k) 

Hat*  no  la  a,  eaaallU** 

ut 

lultM  **41  taa,  4*aaUH** 

at 

Nat*  radlaa.  vlalkl*  aaaage 

m 

kaaleat  rulaa,  v’atkla  ****** 

m 

*l*t  Data*  la  ikr  tula  an  tv*  otogorlaa  of  taaata  trail**  to  th*t*-cov#r  af  riaalta  ef  ktllnt  koaklny  if  tartan  nail 
kaarlnv  onnairentlaa.  li  aai  feana  that  ilia  raUjoria*  af  taaeg*  A,  B,  ant  C  eealt  not  k«  4lktl*g*lah*4  an  tlnto^hvar 
aat  tvo  afitgerltt,  MaoUttia  art  vleiil*  ta«a|a  wart  latrotvoat.  life.*  karat*  ctnairaellna  It  ki.tvltr  Utn  krlilak.  Ik 
la  io  ka  au&itr*  tkattb*  tseala*  igvai  carrattewlaa  4#  a  flvta  tatraa  of  tawise  »*bk  at  A.  I,  or  t  voait  kt  tNrtaaatf 
llw  mm t  of  iwjrataa  la  tlvaa  tf  a  flrak  attraalattiea  ky  tka  rat'*  of  vatl  lhlti^aara,  Tkva,  tVa  Man  rattan  tf  • 
*aoat«  Atalnai  taraaa  eonatraftlan  It  a^tactat  ta  t*rta*eat  U  aa  l*»utan  tavat  ef  104  1k*«lltltte/at.t*.  TVa  rattan 
•f  04*01  U lea  la  tkwa  (Mivtaa  iha  ratll  far  A  art  I  iaaatt  vktraat  tkat  far  vlaikta  iurgr  la  e!i|htly  lorjtr  ihaa  4kt 
ratlai  far  {  (tM>i. 

TVo  ftff.rlirra  tf  ika  art*  of  taaata  frta  a  elrola  In  raflaciat  Ik  ikt  last*  tlffartnm  kktvaan  tka  aaalawa  rrtlv?  of  a 
«:va*  lova'r  ef  iut'i  ant  tha  om*  retina,  7k  1  rotten  far  if.lt  It  ikti  kteaatar  of  th#  kitltMf-naaa  tf  tka  itrjai  tkert 
le  anlalttai  af  ton  bleat.  T..t  avUtAct  I  "4 1  tat*  1  thatenth*  kvara«a  tkla  tklaltflni  can  *r  UV*e  Into  aceovat  ky  kenu* 
**k  noalnM  raaiat  of  a  (Ivan  cat* tor;  of  tutu  ky  IK  it  okitlt  tf;  ataa  ratlai  (a lac*  laralaa  It  lavtrasly  yrtttr* 
ileoal  It  aitUntt). 

Tkatreiloal  ewitldarailona  ant  onarrilonat  tat*  akev  that  Ik*  layalu  trliarlta  taaa  not  Kelt  far  vary  I  art*  klati  keakp. 
Tk*  o*ljkt  for  vhlck  ,t  no  lonatr  aypllaa  4*yanti  on  ilM  iytt  tf  ckMt.’eeilon,  fo-  trlilak  ant  tartan  cenalrvctloa  tb* 
ratlea  tf  a  |lv#n  leval  tf  taaeja  tree  kook*  kavlt|  katvnav  ISOC  ant  kM «  Ikt.  *5  *<*lcaivj  It  Ketoriltnal  t„  *W.  for 
.tnaUaraaly  larfar  Ina’at  li  kacett:  fientriltnal  it  »’*.  The  lattor  la  iht  tavt  a*  ika  teMntanct  ef  ikt  alatanc*  for 
■t  |lv*a  level  of  *«*ktr«aaar*  w  tf*  Mlyht  ef  a.mletlve.  TVI*  It  rauenaklt  tlnce  a*  tk*  walikt  ef  naploeivo  lacratat* 
iha  toraila*  ef  tha  Halt  at  a  ulvan  telnt  Incraaata  ant  at  4 oat  ika  layvlra)  kevavar,  tka  valla  ef  Ika  kvlltlnt  will 
net  fell  t.rdtr  Matt  leadln*  vltk  large  lagalta  anlata  tka  yrtctUalS;  eenattnt  yraltar*  (whlek  teew*  la  tkla  tutt)  M 
tkovt  the  atalia  atranytk  af  tka  valla,  (taa  t.t.  Mi). 

^Isy  tk*  ralatlaa  glv,*  !a  *h**t  1  **•  for  Infdlia  4m  tt  tatlttltM  ea  tk*  greaat,  valaaa  tf  tha  ratll  far  k,  |,tki  C 
tkMga  ta*  t*  tlffaraat  keati  have  kata  eaa*itet.  laaalta  art  jives  In  tk*  taki*  aaiov. 


J  n* 

]  '  m^lVu-2).  T«f  f 

1  tivu  tr  ir-r-n.  i 


wa  le  tr  At-aa.  nr  tiitad 
tfvu  tr  hum 

rto-la  aTrxi  ij,  nr  r»'H*r 

ti.>U  ;r  r-sr",  Trltar.al  Ullat 

VinTar  u-f::*.  Ta*  f  lTfia 

KMl  tf  (*-(»».  dMa.  i  Ullai 
-JL.Mf-fr JrLL^I  VHIad 
iex)-io  tr  tKrrt.  m  un*a 

ICOIk  «  Ad.rs,  Cao.  I  *111*4 
Ibi-Mt  or  AV-r.-i,  Mlril  flUat 
v  »k'7i,  tw  Hilar 
«mo-;v  er  utwa.  {**t.  I  fill*# 

tr<Nlk  t>  Trllwii  HIM 

if.  Aa  .fit.  T*T  Hilt* 
VXO-II  It  AMHd,  Mat.  I  HHad 
«d-lk  W  twt  TrUaaal  Htt.4 


"rSTh'kiilat  1  "  " 
t  .Vmt«,  ft 

i 


I.^TTaTr 
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BOMBING  OP  STEEL  MILLS 


srm  Mint 


In  a  steal  plant  large  enough  for  coke  want  and  ataal  furnace#  tobe  ustd  as  tap* 
arata  targets,  the  beat  boabe  are  the  BOO- lb  OP  fuzed  0,025  tec  delay  fer  the  coke 
event  and  the  2CdO-)b  OP  fuzed  0.025  or  O.t  tec  delay  tfer  the  steal  furnace*.  If 
one  overall  attack  la  te  be  aide,  the  bait  boob  ia  the  1 000- lb  3P  fuzed  0.025  pec 
delay,  tilth  the  2000-tb  OP  fuzed  0.025  tee  delay  a  good  second  choice. 

The  principal  components  of  a  tteal  all)  In  order  of  their  vulnerability  to  boob¬ 
ing  attack,  the  recoawended  boob  and  fuza  delay,  and  tha  raaulta  to  bo  expected 
.fro*  bosblng  attack  are  at  foil  owe: 


KECO^nSED 
B0i'3  £  FUZE 


i 

Coke  Ovens 

500-lb  OP  or 
ICCO-ib  OP. 
0.C25  see 

daisy 

One  direct  hit  Mill  disable  one  section  for  5 
to  8  Months.  This  will  reduce  the  quantity  of 
coke  end  gas  available  to  the  blast  furnacot* 
Acxl!l lary  equipment  such  as  the  aspirating 
plant,  coke  loadin'?  and  rawing  equlpasnt,  etc* 
(a  tiso  highly  vulnerable. 

Open  Hearth 
Furnaces 

2000>lb  OP  or 

1 000-lb  OP, 
0.025  or  0.1 
sec  delay 

At  least  2h%  of  the  furnaces  Must  be  daneged 
to  affect  production  seriously.  Damaged  oveno 
require  several  s&nths  for  repairs.  Gentry 
cranes  and  other  equipment  are  additional  tar¬ 
gets.  1 

Blooolng  Mills 

2CC0-lb  OP  or 
1000-lb  GP. 
0.025  or  0.1 
sec  delay 

Tliase  are  frequently  a  bottlaneck  of  the  plant.! 
Snell, target,  but  ecaential  to  operation  and! 
difficult  to  repair.  Smaller  boobs  could  dan- 3 
age  controls.  I 

Bleat  Furnaces 
and  reletod 
equiprmt 

2000-lb  OP 
0.025  or  0.1 
sec  delay 

Direct  hits  required.  Scroll  target.  Stove.*, 
hoiots,  and  charging  equipment  era  also  vul¬ 
nerable  to  sail  lor  techs,  Long  repair  or  re¬ 
building  title  If  a  direst  hit  is  aado  on  fur¬ 
nace 

Conveying 

Equlpnoni 

and 

Service* 

CCO-lb  OP 
or  larger 

Good  secondary  cbjnctivoa  within  the  target 
area.  Grlego  cranes  at  oro  decks,  coke  puah-| 
era,  gantry  cranes  throughout  plcnt,  etc.  are 
all  cocential  and  vulricrcble  to  direct  hits. 
Services  are  essential  and  vulnerable  to  direct 
hits  or  rear  oipses. 

1  *,r 

I  Coapresnorc 

SCDQ-lb  Of 
or  larger. 

O.t  or  0.025 
can  delay 

Icporitnt,  but  of  very  hsavy  ecnctr action. 
Soall  tergst  difficult  to  hit  ewl 

WEAPON  DATA. 


BOWSING  OF  DAMS 


PUnsing  attack*  on  dent  of  all  types  requires  careful  engineering  Investigation 
of  the  design*  In  genera!,  the  largeat  practicable  boob  should  be  used*  Many  dew 
*3U  not  be  vulnerable  to  any  boob  ana! far  then  the  12,000-lb  or  22,000-lb  OP,  or 
seme  special  weapon. 

Attack  on  ease  should  be  wde  when  the  water  level  behind  the  dam  Is  at  Its  high¬ 
est  stage* 

£arth  dans  srs  best  Attacked  with  QP  bombs:  by  deeply  cratering  the  crest  If  the 
data  contains  no  steal  or  concrete  core;  by  deep  penetration  and  resulting  shatter¬ 
ing  of  such  a  core  If  present;  or  by  deeply  cratering  the  upatrean  elope  of  tha 
ssa!  blanket.  The  choice  of  the  nuthod  depends  on  ths  design,  tong  daisy  fusing 
should  be  used  In  cost  esses. 

Hasor.ry  and  concrete  dams  should  be  attacked  by  ths  underwator  explosion  of  a  large 
charge  in  contact  with  ths  dam  on  the  upatroara  side;  the  details  to  be  carefully 
worked  out  for  all  larger  dams.  Fuzing  should  be  of  short  deity,  suff  Iclsnt  to de¬ 
velop  tho  full  tamping  offset  of  ths  water « 

Cates  can  be  ettockoe  by  the  adjacent  underwater  explosion  on  the  upstream  side 
of  fairly  large  bomb*  with  short  delay  fuzing  (0.025aoc) suff iclent  to  oevoiop 
ths  full  tamping  effect  of  the  water. 

Operating  *?,chinery  and  control  houses  are  bast  attacked  by  the  direct  hit  of  in¬ 
termediate  sized  bor.ba  fuzod with  slight  delay  (0.026  see  or  0.01  eoc)  for  penetra¬ 
tion  into  tho  building.  There  Is  no  appreciable  nsartulss  damage  end  even  total 
daatructlon  Is  not  too  serious. 
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BOMBING  OF  PENSTOCKS 


&  CSb 

PEMSTOCn 
-  — . / 


The  best  mods  of  attack  cn  penstocks  is  by  means  of  bombs  that  will  penetrate  the 
pipe  and  explode  In  the  Interior.  The  use  of  bombs  Intended  to  produce  large  move¬ 
ments  of  the  pipe  through  earth  shock  ,  air  blast,  or  by  cratering.  Is  not  U Ita¬ 
ly  to  be  effect (vtb 

It  Is  recoamended  that  OP  bombs,  fuzed  0.01  sec  nose  end  tel),  be  used.  Tab's  I 
shows  plzeo  of  bombs  rsquired  to  rupture  penstocks  when  the  bomb  explodes  at  the 
center  of  the  penstock.  Generally,  an  up-slope  approach  within  30°  of  the  pipe 
axle,  at  medium  to  high  altitude  gl^os  the  largest  equivalent  horizontal  vulnera- 
bfa  area.  Cut  the  probability  of  hitting  the  pipe  and  of  the  explosion  occurring 
in  the  lot.isl  annulus  of  the  pipe  must  be  considered. 

Table  I 


SIZES  OF  BOWS  REQUIRED  TO  RUPTURE  PEBSTOCKS  WHEN  EXPLODED  At  THE  CENTER 


Diameter  of 
Pipe 
ft 

Thickness  of 
PipeWall 
in 

Size  of  Rupturing 
Charge  of  TUT 
lb 

Size  of  OP  Boab 
lb 

22 

1.50 

525 

1000 

16 

1.25 

240 

500 

13 

127 

250 

10 

0.75 

56 

100 

If  the  bomb  explodes  near  the  aide  wail,  s  smaller  bomb  than  Hated  above  may  be 
sufficient  to  split  the  pipe. 


A  detailed  study  of  the  vulnerabll Ity  of  penstocks  laglvenln  the  first  reference. 
On  the  basis  of  mode i  tests  made  to  determine  thu  weight  of  charge  required  to  rup- 
tura  a  penstock  by  internal  explos Ion,  and  of  ricochet  tests  conducted  against  curv¬ 
ed  alr-btcked  plates  and  against  wator-f  lllod-cyl  Inders,  recoir.mondat  Ions  are  made 
as  to  the  weapon  to  be  used  in  attack.  A  table  of  equivalent  horizontal  vulnerable 
area  factors  U  given  for  various  slopes  of  penstocks,  angles  of  fall  of  bomb,  and 
englos  of  attack,  as  an  aid  to  seloctlng  the  best  combination  of  bombing  conditions 
and  the  lovost  required  bomb  density.  A  procedure  for  anal yz I ng  a.  penstock  Instal¬ 
lation  to  determine  tho  type  of  bombing  attack  required  Is  given.  By  moans  of  this 
analysis,  the  type, size,  and  fuzing  of  bombs  and  tho  bombing  density  ccn  be  deter¬ 
mined  for  shy  desired  probability  of  destruction  of  tho  penstock.  Diagrams  and 
curves  are  given  to  assist  in  tho  computation. 


Rafj  f WT - 2 1> 
Auguit  I9*t5 


40 


CONFIDENTIAL 


WEAPON  DATA 


BOMBIN6  OF  (3 UN  POSITIONS 

om  m  tunxamm 

Tkx  tabl*  flvaa  tha  feiasn  A rit  «♦  CffaettvaMa*  far  aMirvIcaak.  t  ity  and  tkalfcaa  Aral  af  (ffaeUvaacta  far  t annarary  **« 
MrvlMiilllty  in  i^ntr*  faat  aar  M  far  tlfkt,  Malm,  ana  Km tj  |1M<  Talar*  ara  far  (***  thi\  4*  art  brva  pratM' 
tlw»  akltldlaf  «f  tfe*  aalMrablt  $*r ta. 

»a  tin  Mil,  piu  ara  *fatu*fltd  a*  U|)r  (!{■  aid  lfa*>,  atflia  (Tfaa  t*  iltoi)  a  ad  Itafy  (IMa  mt  larytr*.  Ann- 
tintiility  Mina  da**f«  r**str)ftf  afeeo  r*>* Ir  or  aua  tkaa  n  kauri  fltld  rapalr.  r»ap»n>J7  aiaarvlraaliitty  arena  an- 
aarvl«*)kla  kit  rapalrikl#  ta  Imi  Ua*  H  aaora*  Ml  la  daflaad  la  aat*  «k**t  t  U. 


he**  area  or  tmexivMiM  m  3am  r 0*  vas:ou»  k»c»  y*  otweadeo  jgjj 


1 

UHt 

■m 

tight  lau 

Mid  I  «rv4  HMV7  Ur*  V 

SraUr 
Oaf  lua 

/aa* 

fMi»a 

in 

'■  nTntt  ■— 

Mi  for  Taapartry 
UniarvleoablWt/ 
a*./*. 

Ht*  for  Unaorvloo- 
ability 
a*./*. 

Hit  for  Tetoorary 
CMOrulcoafeillty 

1 

100-11.  0MX-M30 

1.11 

^1/100 

lOOw 

1100 

170 

1*00 

fc 

tso-it  or.nx-HSf 

11.0 

or 

1100 

7100 

*60 

2700 

8 

SOO-lk  Ob.AR-W* 

•It 

i/*a 

DOM 

ItOOO 

7t* 

*600 

0 

iooo-tk  ar,»*-H4« 

.2.78 

0 

IftOO 

1*800 

1X00 

7100 

*r 

io-.k  p.ar-mi 

Inat . 

a* 

JO-lk  Ptra  Frag 

• 

ou-it  r.fefe-hat 

• 

lack  *f  data  aoaa  not  Harriot 

* 

loo-ik  or.Ab-mo 

■ 

pradletloaof  MU  for  llaktfana. 

7*00  l 

Fao 

:io-iv  f.w-mii 

• 

1*000  1 

S2 

«< 

wo-ik  er,*i-fe.w 

...fl09. _ 1 

lgc«  *H>  or  tfrtCTivcatjj  far  mmiumUT* 


•CM 

rules  j 

LlfM  Sana 

OUautar  of  E*:lie*Mftt 

1 

Olcaattr 

Hadlua  Saiw 

of  (Mlacraart 

10' 

10' 

*0* 

60' 

mm 

10* 

|  so< 

as* 

64' 

t0’ 

20-lb  f.AI-MI 

Inet. 

100 

aaa 

a. 

»&a 

j  * 

■at 

an 

20-lk  Para. Frog 

• 

100 

m 

• 

• 

ICO 

I  * 

■ 

- 

90-lk  MR-tUi 

u 

«oo 

MOO 

HOC 

2800 

08« 

800 

i  m 

*000 

1100 

•  OO-lk  db.W-MM 

« 

m 

'  1100 

UOrt 

1COO 

1800 

C60 

1100 

■Tffl 

it  oa 

8100 

2flO-l'o  f,M-H8l 

• 

too 

1100 

1800 

It  00 

HOC 

800 

IICO 

■ttvl 

XJCO 

6200 

600-ie  or,a-H»* 

• 

too 

1100 

180 

2800 

1500 

eoo 

1100 

■lEl 

SJ'pU 

• 

10*00 

10*00 

10400 

iONOw 

lo*oJil«C0 

1  iO»00 

IfelU 

I0«0C 

10*00 

• 

20800  Maft.  kAC  fnr  T ••portry  Unairv lc<ub H  Uy  tn  r«vHt4<j<  #vn*. 

COVERED  COHCRtTE  «UM  EH*UCEMEIT« 

Cfevarad  cone.'-l*  pun  aaplucarant*  can  ba  daatroyad  by  a  kmfe  parforatlnj  Ua  roof  and  daunat'lns  In*  Id*  of  ta*  structure, 
or  aarltutly  d*ju;id  by  a  feoau  amlsdlng  uj  tarfreurd  oloa*  to  tha  aide  Hill*.  Etohu  ahcvi <2  tta  fined  C.Cri  Mconda  data* 
for  althar  typ*  of  dtaag*  Data  »hs»t  2C I  a  aay  ta  to  aalaet  fecabt  capable  uf  psrforattnd  tha  rent,  ar-l  tfea  radii 
for  IrauaAiay  (Ivan  la  Data  lhajt  PAS*  My  ta  lead  aa  Mir  alt.  dtaUncffi  for  d-Uy.  undarfravRl  arplnilaa  cl >»*  to  tfea 
aall.  Tha  valr.arakl*  araa  for  ptrj»nti$*  I*  kh*  Inald*  plan  aria  of  th*  gun  aafeicca:  ant,  and  tha  valnerallo  iron  for 
dwayt  fey  alar  alia*#  lath* araa  of  a  feaiJ  around  tfea  eutalda  of  tto  anpiaceeant,  havlr.;  i  talfth  *>iual  to  tha  mar  aUa 
dlatanca  daflnad  abov*.  Thr,  Mat  afflclant  boat  I*  that  l-w.0  having  tha  largiat  vulnartbl*  «r*a  yar  too.  tad  la  uaaaiiy 
tha  acatlait  bock  caiabl*  of  Hrfaratlni  tha  roof  of  tk*  fan  *a*lnct**nt. 
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PASSAGE  OF  WIRE  ANO  OBSTACLES  >  »mc»t  I 

BARBED  WIRE 

Barbed  wire  mty  be  cleared  by  aerlel  bombardment,  rocket  attack,  or  ground  dem- 
olitlon*  The  table  glvea  the  average  radlua  of  claarence  ef  ordinary  barbed  wire 
obstacle*  by  various  explosive  weapons.  Within  the  radlua  of  clearance,  trip  wire# 
of  anti-personnel  sines  will  else  be  cut. 

WlUWI  RADIUS  OP  CLEARANCE,  /*«t 

100-1 b  OP  Boob,  fuzed  nose  Inet.  15  -  17 

350-lb  Depth  leab,  fuzed  nose  Inst*  25  -  SO 

7.2-In  Deco  Rocket,  fuzed  Inst*  10  -  12 

Bangalore  Torpedo,  on  ground  gap  15-20  feet  wide 

OBSTACLES 

Bombing  has  definitely  proven  Ineffective  against  obstacles  of  concrete,  stone, 
wood,  or  steel.  Hand  placed  deuotltion  chtrges  are  usually  necessary  for  deatruc- 
tlonof  aneller  vehicular  obstaclea,  although  direct  hits  with  the  7,2-In  Demoli¬ 
tion  Rocket  ere  effective  agalnat  tone  types  of  snail  obstacles.  Obstacle*  eay 
be  demolished  by  hand  placed  chargee  made  up  of  20*lb  Tetrytol  packs,  using  ap¬ 
proximately  one  pound  of  txploslv#  for  each  cubic  foot  of  obstacle.  The  sketches 
shew  the  proper  piecing  of  20-lb  Tetrytol  packs  for  demolition  of  typical  vehi¬ 
cular  obstacles. 


ILK. 


v-e*. 

taw 

tfiU 


--^7+ 


& 


mnmtia 

A  very  comprehensive  study  of  this  subject  Is  contained  In  the  fallowing  reports: 

Tha  Engineer  Beard.  Interium  Report a  on  the  Paesage  of  Bauch  and 
Underwater  Obstacles. 

Joint  Army-Navy  Expor Itantal  and  Testing  Board.  Progress  Reports. 

Additional  reports  cencornod  with  particular  phases  of  the  problem  oru: 

Mar  Oapt.,  Technical  iulletln.  Td  Lag  8,  February  »88.  Methods  of  Peaelng  Ksach 
end  UndorMtter  Obstacles. 

Mar  P«pt.,  Enjlneor  Field  Hanusl,  FH5-SQ  Obstacle  Technique. 

Ordnance  Suction.  12th  Air  Force,  Bomb  carnage  Survey  of  Pre-lnvnafcn  Targets  In 
Southern  France,  September  SO,  1688 

OMrat  Iona'.  Research  Section,  9  th  Qoabar  Coaatnd,  Eat  Imate  of  Bonblng  Attache  on 
the  Siegfried  Line,  3eptoa»*r  It,  1688 

Observers’  Report-Arny  around  Force*,  May  lies,  Removal  of  peach  end  Underwater 
Obstacles;  two  Jlma  and  Philippine  Campaign. 

Mar  boat.,  Operations  b'vleieo,  June  1883,  Reduction  of  3«ach  t.fcnees  end  Obsta¬ 
cle  Clearance  In  Normandy. 

Aruy  Operational  Raeenrch  ircu»,  (apart  Be.  178  (tritlah).  Lethal  end  tutorial  Ef¬ 
fects  of  Gunfire  and  Bombing  Land  Target*,. 
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FRAGMENTATION  DAMAGE: 

AIRCRAFT,  VEH5CLES,  PERSONNEL 

For  discrete  targets  such  aa  **♦»,  guns,  tanka,  trucks,  I >]*"••• 
of  affaetlvaneaa  (MAE)  of  a  boob  against  a  target  le  0  !j2 

Cartesian  coordlrataa  tx.yi  lo  a  horliontal  plane  with  $ Jjefi?}'/?! 

probability  of  target  daoaga  of  a  apaclflad  degree  or  nor*  la  a  function  *>*:*> 
c?  the  eoordinatea  of  the  boob*  The  MAE  la  then  defined  to  be  //pf*»y#d*dy4.the 
Integral  being  taken  over  all  parte  of  the  x,y-P lane  for  which 
trlcally  thla  oay  be  Interpreted  aa  the  vol*;*e  under  the  surface  *  P(x,y)  end 
above  the  x,y-p1ane.  The  phyalcal  dimensions,  however,  are  thoae  of  area* 

The  above  function  a tx.y)  ,  end  hence  theMAE,  depend  on  (!)  type  of  boob  and  dur¬ 
ing,  (2)  operational  condltlona  under  which  bomb  Ja  dropped,  (8)  type  of  targot, 
(H)  degree  of  daaage  specified,  and  (6)  ground  eonaltlona  near  target,  such  aa 
unevenness  of  ground,  presence  of  shielding  object* ,  etc* 

A  physical  picture  of  the  waning  of  an  MAE  may  be  obtained  aa  follow**.  Suppoee 
ta-cotsCare  distributed  randomly  and  unlforoly,  that  la,  the  expected  nwaber  of 
taroets  In  a  region  la  proportional  to  the  area  of  tha  raglon.  Than  the  KA-  le 
the9area  of  a  clrcla  centered  at  the  bcab  end  of  a  size  such  that  the  ex pee tad 
nuabor  of  targata  receiving  tha  specified  degree  of  dosage 
equate  the  expected  number  not  receiving  tho  specified  degree  of  damage  Inelde  the 

olrcle.  . 

The  MAE  le  used  aa  follows:  Suppose  that  an  tree  contains  a  »*sb*r  «.  < “J*®r  ,? 
tor  cats  with  tU*  aoiaa  s-L*E  -  Ms  the  targets  need  not  be  uniformly  distributed.  It 
a  density  of  L  v«ocba  per  unit  area  la  delivered  to  the  target,  then  the  expected 

fraction  F  of  targets  deitagad  la  given  by  F  °  1  -  •  ,For -! 

such  that  MD  Is  snail  compared  with  i,  F  •  MD  approximately.  Th6  exponential  for- 
■ula  Is  derived  under  the  assumption  that  tho  bomba  are  distributed  randomly  and 
unlforoly  ovor  an  area  large  enough  to  include  ell  possible  position*  of  e  boab 
capable  of  damaging  any  of  the  targets  under  consideration. 

KAE  FCS  SUBSTANTIAL  DAMAGE  0Y  PRAGHEKT3,  sg.  ft  P*r  bomb 


TAttET 

Around  turat.,  Inat.  Fusing 

Sir  turat  j 

us  wu-ih  a »  1 

Irltlah 
600- lb  IS 

trltlt  i 
250-lb  MC 

CUatar 
o*  18 

US  Frag 

Aa-;rn 

Calfiht 
ef  burst 
10  fset 

Paloht 
cl  burat 

86  fast 

At  rcraft 

7»,0C0 

w.cco 

»io, ore 

r 

NMhtnlcal  tranfrort 

uu.o:-o  i 

21,000 

ico.ro 

fo.ro 

16.003 

r;n  In  iscn  tror.clic* 

— 

6,f  .1 

^  i  .3 

I  ktn  In  t!;tUw  trsnefcas  * 

6,f  O 

|  t;:n  prentt,  ur.^hieldod  1  20.C20 

FI,  C'-O 

CO.C’.J 

2j,t:o  • 

21,CvO 

Sab  at  initial  dmc24  It  CCTlR'Ja  I>8  TOIIWOs  IW*  •  -  .V  ------ 

icxzi  rogulrli’q  rr.re  than  10  man-day#  for  repair,  for  aacfcanicol 

era  Involving  wrlto-off  or  requiring  repair  at  a  ascend  echelon  or  bc.se  werkehop. 

For  parccnrval  -  Incapacitation, 

Source :  Boobing  trial*  by  the  British  at  Ashley  ISalU. 
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TV*  cum*  rtK  iwrigt  raflui  of  taut*  by  aedlio-iliod  boali  to  plpci  aido  of  (*)  Colt  Iren  . nd  (»)  oirthinvaro.  brick 
••  tile  barlod  «  c!iy  toll.  The  rtdiu  of  Ooujo  1  tkii  roproMfltl  ronphly  tko  kilf  width  of  «  Wnd  wltbls  which  tko 
»l*0  will  hi  volaerablo. 

******  V  BMAKl  5«1(I  appear!  to  he  c«t<  lirfily  by  nrtb  eoyoacat  rothir  tkm  by  form  trmaaltted  iwel  tadlneMy 
Ikroctk  the  pin  Of  throat  its  centintc.  Jervlcil  Utd  lo  facto  ere  protected  by  '.U  "trench  effe.  "|  tko  dicta  Bay  be 
daujif  hot  trend  chock  will  bo  ihscrkid,  poralUiof  tko  oorvleoo  to  raaaln  Intact, 

ItOlTlI  Jr  UtT  llth  flf£  EriiWUl  Tko  l*n|th  of  tl|l  riewtrinp  ripticaacnt  >o  of  tko  or  dir  of  000  Mid  coo-kolf  to  too 
tlooi  tko  radleo  of  iuifOi 

■17U1C  Of  MUM  TO  CSMfte  Plftl  Earthenware,  brick  Mid  till  nralcoi  can  ho  sliced  la  a  llnpla  caUtery  hocMOO  fall- 
ara  iloao*.  alweyi  occur  a  at  Ua  Jolatl,  which  art  of  coaparaila  atroajth  |'i  oil  thrMi 

IffEtT  5*  Data  pud  I*  CHpItlaj  .aialti  li  for  loralcoo  korud  it  dcathi  of  fro*  It  to  t  fo*t,  <ywr  which  ranja 

no  death  effect  lo  faced,  Ferthir,  the  radii,  of  daaipn  dopondi  yery  I  Kite  oa  the  death  of  the  eiploelca,  withla  too 
aortul  Malta  of  fcsah  paaeiellea. 

JUS  O'  yinll  There  lo  ao  iipirtnt  depaadeace  of  rtdloo  of  dua|s  oa  plpa  alia  oltkla  tko  nape  oooaialy  load. 

WKTCdiXC  Of  pectin  Ih  HU!  XdfMCErl  la  tha  event  tkit  drain  U  tk*  pipe  or  Ito  flttli&r  dels  not  rnait  I*  a 
ocr.leta  With,  the  jrtmn  oay  hold  ot  *  nlitrMloi  friction  of  Its  f-rrr»l  valaa  for  ocro  lee,  TS»  drop  lit  preenf* 
lOKcdlltal.t  follcclrj  tko  oiplcoioa  io  {aurally  foihdto  lacraaeawltb  wyr,  whore  r  It  Us  dliUaco  froa  tko  <Wis, 

OUT*  t9H.lt  Ccefarod  with  do;,  tko  r;.dleo  of  ia-.ago  lo  to  ho  takta  plight!?  rmllir  la  csilh,  uad  aat  travel  *hd 
a) I W'-i t r  ware  In  aid*  F.rotnd,  If  aka  coil  la  satoraiod  with  water,  daaige  will  anally  oitoad  tc  greater  dlitmcee," 

toerca  of  dotal  kokorto  of  the  Irltlik  Hlnutry  of  Hc«e  leearlty  cad  oiporjaoato  or-doctod  for  the  tor  pi  of  Infineon, 
V«  it  in},  ot  Akoidan  Prevli.p  droanii. 
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BOfcBWS  OF  AKFELD  RUNWVS 


a  pi 

X#  MMIN 


I8MIM 

Ainmia  wimti 


Th*  Met  ntkM  far  danaplng  and  landing  ftewWl  It  hy  alth  ftMtil  MiH.  A  jlvta  might  of 

Ml  I  k«d>>  till  dltrupt  a  tiriir  >ru  ttw  ttt  mm  might  %<  larger  Ml,  ttovalwatt ttf  Mil  MOvtl wit) mntltt f» 
ty  tha  IMM  far  altkar  data.  For  Mint  tmohl  I  lut  let  tht  IMK  et  kit*  I*  aorg  IfftAwt  than  tha  glia  •(  IM  4TW 
brt,  Mi  far  MHAl  Mil  W  kit*  lw|l  llkl  in  »n»irn«. 


KAHt  WXCYIMt  Ftana  lowing  anaractarlatlea  Influanca  tha  (Mick  ot  book  aa  fal  local  Maltldly  tka  era lor  UN  tlgthf' 
It  Om  Ulti  k i  U*  Haiti  *{  tit  MmilMiUi  Vt*i  !Ui  lit  time  Mil  earry,  M  citau  that  kM  |l»taf  tkk  V|Ht 
Mil  araa.  Tea  halght  •!  rtlaaaa  t*t  racarsandad  twin*  arg  tt  kt  itkt  f.-oa  tht  Mklti  Tha  ttMir  if  kit*  rattl’M  la 
jlvan  lit  par*trafk  1  kola*. 


t:CMCUU  FUXIM  Alt  tlATttt  nrtCTn  fM  V  »«MM  Nom*  M  HU  MTU  AIM  itut  ft*  AUITWIS  A84W  UH  rm 
(far  fa***  *rt4*»ttkatiila«a  altltada  aatt  ka  i$M  tt  It  avoid  rlcoehati  tha  aratar  dtmnafong  klltk  tkfil  18}  ttilla) 


■csnBfcwsuniT 

■f'iTW  m  frrrrr  m 

EE5E9 

Cratar 

OUaatkr 

/aaa 

Cratar 

Oalth 

.Mat 

Add.  VdltM 
t.  8tf  HI 

cratnr .av. yd. 

Arad  C/tUrad  4-  I 

HiiHiUat  _ 1 

■SSSiB 

IBSmBH 

umi/Im 

100- Ik. 
A8-M0 

0.41  ar 
Iwngar 

4.428  ar 

lM|tr 

18-14 

mm 

16*21 

mm 

4.482 

no-ik, 

A«-lt5f 

0.41  ur 
longtf 

4.428  ar 
longar 

21-28 

w 

28*86 

844 

4.120 

800-th, 
AI-MUl,  Hit 

O.C»  ar 
tanjar 

0.426  ar 

inngar 

2MI 

KM 

70*110 

-  - 

884 

4.488 

1000-lk, 
St-WM.  H» 

wnam 

4.026  ar 
too gar 

18-84 

4*11 

184*224 

I0W 

4.411 

2000- Ik, 
Ak-MJt,  MIA 

4.428  ar 
longar 

0.028  or 
Icngor 

<8-84 

14-18 

280-8*4 

1144 

4. OH 

I.  Ontario) 

for  jtntrti  pgrpoaa  boaha  Uroppad  from  on)  attltudt  hhovt  MOO  fltt  tht  fulad  0.01  aacondt  or  iunggr  daily.  tht  crtttpt 
Ik  kii  slrTItldt  to  not  dtfftr  appraclaUly  froa  tht  aptlanau  Tht  tttlllchtl  tall  rtqulrto  ha  roTIII  a  aratar  to  tarn 
paction  tl.'lai  la  India  (dual  cttti,  kat  on  tht  t  'traga  MO  takle  yarda  tt  tall  par  la*  of  4P  litii  ar  akoat  1000  pomm 
e<  tall  par  pound  of  taplotlrt  art  raqulrvd'  tv  rofltl  crtlort. 


If  tht  drnlnaga  of  an  airfield  la  kroon  ta  tt  poor  and  tht  aatar  ttklt  high,  largo  koakt  al|k  loaf  rally  fait*  npult 
la  dttp  trittii  partially  fllltd  alth  attar  which  art  dlfflcalt  ta  raptlr. 


2.  3 un bar  ei  MCto 

A  atit lit ictl  atudy  af  wldaly  varying  data  an  m f.ntyt  300  to  MO  flat  In  width  ihoaa  that  8  kit*  par  tkaaaand  foot  ad 
rcith ay  ItnqtN  renitr  thk  runway  ttajerprlly  tnofantlva  andderatara  pa*  thouaand  fact  vaually  laava  tht  atrip  aa-vlea- 
akla.  Optrttiooal  data  frea  t ha  CPrPA  art  In  agraaaar.t  alth  thla  atgdj  and  thaw  that  tha  nua&ar  af  klta  rathar  than  thk 
tilt  of  took  !a  tha  cent  rolling  factor. 


I.  lapclr  Tina 

Alrflaida  nadn  Inoparatlva  ky  bonking  attack  can  ka  aada  aarvlcaaklp  Inaahert  tlaa  py  repairing  tha  cralarlng  daraagn  . 
Japanaaa  angtnagrlng  racorda  ahon  That  ahan  luavy  aqylpwunt  la  ua»J  ha  avaragt  of  123  na/v-hogra  aaa  raqulrad  Id  rapatr 
cratora  raagltlng  frea  ICfr-lh  C t  hoaha. 


Tha  gat  of  nachtnlca  I  okataclaa,  anal  I  fragoanlat  Ion  konka  with  anl  l-JIaturtmca  Tuna,  and  gunaral  pgrpoaa  tonka  altk 
vary  long  dalay  fgiaa  la  racoavvandad  far  Ineratilng  rapalr  data,  but  thould  ka  cenddtrad  at  additional  ta  tka  Kin  laud 
raqglrpnant  of  8  oratara  par  thouaand  ftat  of  runway  iangth. 
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AIR  ATTACK  ON  R  uLROADS 


F2 


RAILROADS 


The  components  of  trail  system  vulnerable  to  bombing  attack  nro  ra|l  lines,  rol¬ 
ling  stock,  locomotives,  and  marshalling  yards.  Small  8P  bombs  ( f 00-15,  250— lb 
or  500-lb),  fuzed  0.01-see  delay,  are  the  most  efficient  for  attacking  rail  tinea* 
The  500-Id  6P  bomb,  fuzed  Instantaneous  or  O.OI-sec  delay,  lathe  best  weapon  for 
attacking  rolling  stock  and  cause*  heavy  damage  if  It  strikes  within  about  20  ft 
of  a  box  car  or  locomotive .'The  1000-lb  OP  bomb  fuzed  O.Qi  tec  delay  la  alight!^ 
leas  ftfflciant  against  box  cars  and  slightly  core  efficient  against  locomotives. 
The  MAE  for  dstuega  to  rolling  stock  le  0.20  acra/ton  for  500-lb  OP  bombs. 

Strafing  and  rocket  attack  of  locomotive* will  result  In  damage  requiring  t  to  35 
days  and  I  to  eO  dryo,  respectively,  for  repair,  Hite  with  rockets,  houevar,  are 
extremely  difficult  to  attain,  an d  cf  the  two  methods  strafing  is  probably  to  be 
preferred.  Those  methods  era  of  little  use  against  other  force  of  rolling  stock 
or  against  other  railroad  installations. 

The  optimum  over-ait  damage  to  marshall  1  ng  yards  Is  caused  by  ths  6CO-1D  GP  bomb, 
fuzed  0.01  sec.  A  density  of  1.5  to  2.0  ton/scra  on  the  tergat  is  sufficient  to 
completely  disrupt  t  yard. 


Table  I 


EXPECTED  RESULTS  OF  DIRECT  80M3  HITS  OH  TRACKS  OH  THc  FLAT 


Fuze  Pol  ay 


Vulnerable  Area 
per  foot  of 
Single  Track 
{acre/ton) 


Average  Time 
tor  repair 
(hr) 


Table  M 


APPROXIMATE  RADI*  0'  DAiiAGE  DETERMINED  FROM  FOUR  CATEGORIES 
CF  OAMAGE  TO  LOCOMOTIVES 


Radius  of  Daaage  for  Glvon  Decree  of  Dtaajjo  (ft) 


Oestroyod 


1030  tc  3000 
man-hours 
for  Repair 


m  to  iooo 

can  hours 
for  Repair 


Up  to  250 
nan  hours 

fer  Rapa  I r 
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BOM  SMS  OF  TUNNELS 


$  F  4 

TUBHtll  j 


I*  *  tunnel  it  «  90 od  boobing  target  only  If: 

a.  The  poi-UoB  stUckea  it  located  in  broken,  weak  rock  or  poor  unconsolid¬ 
ated  overburden,  structurally  week, 

4>.  It  Is  Dried  with  s  structure!  outer  let  reasonably  vulnerable  teb^Ing, 
such  es  timbering,  standard  tunnel-l  Iner  segments,  reinforced  or  mi«  con¬ 
crete  of  not  too  greet  tbickneee. 

2*  Tunnels  ere  beat  attacked  by  detonation  of  a  bo*h  in  the  toll  near  the  tun¬ 
nel  lining  after  it  has  penetrated  'Crow  the  surfaced  thfi  ground  through  the 
overburden  (where  this  l»  possible).  Ihla  type  of  attack  require*  e  bomb  end 
altitude  of  raleaaa  combination  such  that  the  bomb  will  penetrate  to  within 
the  lethal  distance  fro o  the  tunnel  lining. 


size,  type 


LcTHAL  S!  STANCE  OF  BOMBS  AON  INST  TUX  WEI  LINING* 


LETHAL  0! STANCE,  ft 


Slab  or  Shtl  lev  Arch  with  Soot  fie  Ihrortnr.g 
_  or  H^talvo  Concrete  Lining 


TMcknete,  f*»* 


2 


Creased  Stool  or 
test  Iron  SegeonU 


100-lb,  GP 


260-11).  GP 


500" I’),  GP 


500-1:*,  SAP 


1000-1  OP 


000-1),  GP 


1200C-lb,  GP 


22000-10,  GP 


Value)  In  italic t  oro  entrifnletlcne 


Tiic  vulnerable  area  will  be  greatest  If  the  penetration  is  to  the  level  of 
the  tunnel.  The  fuzing  should  be  «  deity  of  0,1  sec  for  deep  tunnels  or 
whatever  la  required  for  thi*  penetration  for  shallow  tunnels.  Thla  attach, 
which  may  call  foranSAP  bomb  to  ponotrate  difficult  strata,  requires  a 
knowledge  of  tho  overburden  and  cannot  be  usod  against  deop  tonrcla.Acilnat 
tunrale  under  rivers  or  csnnla,  tha  bomb  must  pass  through*  the  depth  of  the 
channel  and  than  ponatrate  Into  tha  aoll  or  elso  fora  e  crater  IsPge  enough 
to  reach  the  tunnsl  lining. 

Advantage  may  often  be  taken  of  the  steep  a  toper,  usually  present  at  tunnel 
por tile  t> cause  conalderable  lands!  Idas,  tnua  blocking  tho  tunnel  entrance. 
This  typo  of  attack  ls«ost  efficiently  carried  cut  by  sculler  bo;>bs  on  the 
basic  of  results  par  unit  wolght  of  charge,  but,  boch  for  bc.-b,  a  lorgor  one, 
In  general , will  produce  a  ocoovhat  groator  slide.  The  probi-b !  1 1ty  of  #tr Ik¬ 
ing  the  tar  tat  Is  Increaood  by  dropping  the  larger  nuitber  of  esvatlor  botrba. 
Tha  fuzing  for  this  attack  should  b*  that  re-;ulrod  to  produce  tha  largest 
crater,  0.1  tec  or  mors  for  the  larger  bo.,bt  and  0.C25  sec  for  the  100-  or 
250- lb  GP  bombs, 

8«f!  WT-Je 
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EQUIVALENT  HORIZONTAL  AREA 
FOR  A  SLOPING  TARGET 


o  M2 

EOOIVAttirf 

•Kiizor/AL  ARM  . 


INCIDENT  SUMMARY 

MULTi- STORY,  STEEL  FRAME 

OFFICE  BUiLDWG  STRUCK  BY  A  550  fc  6.R  BOMB 


M- it  0%/'* 


tnmM  toe  «.#.  t.c.r  **  »o«j 

siALoma 

Office  &dU^>bca*fnar,},aub’bwKWidand  ti#4 

tflpw  floors. 

Construction:  *Vc>n*  -  cfmcrsts-otKasad  sM  tmm 
with  bolMd  eavwcttemk 
Ftec.*  ateot  •  KoHow  Wo  end  ralA* 
fore *4  wwt  JoUta. 

Extorter  wc<la-l3W  h  brtch,  »Un«u 
mt«rtw  perMfons- 3*oi>d  4*,  awno 
4tebL0H<  9*  belch. 


DAMAGE 

Bomb  par  loro  tod  tt*  roof  aid  0**V.  mv  one  eor« 
oc?  of  th*  UjlWlna  e.'d  csf-fcKJod  Just  etxm  tho 
?**  floor.  Tho  axtstuta  cellops#  of  th*  T**  and 
a*f*  floor  sloOe  woo  &n  to  tho  failure,  on  both 
Koera,  of  the  connection  of  boom  t  <4  column 
«  («m  framing  plen).  Tif*  ooonortlon  provi . 
Bed  the  ort>  Interior  auppert  for  ttto  ctfira  oe* 
utt  boy  floor  framing. 

On  Kit  7*  floor,  booms  •  and  1  hinged  down 
from  th«!r  connsctions  at  tho  oxterlor  wol.  Cat* 
umns  t ,  extending  through  lha  T,b  o ni  e,f*  fleers, 
warts  Isft  hanging  from  tho  roof  structure,  «tuo 
thaw  suppertkig  bacrr.e  hlngod  down.  Bam  A 
®o»  duflbctod  dwmw^d  S  Inchon. 

On  tho  blfc  floor,  «o»v-stt«w  at  tha  oitarl  or 
wall  ends  of  boom*  C  fol.’td  allowing  the  entire 
flow  structure  to  collects.  Sea#  a  woa  fs 
fleeted  upward  «  Inehoo. 

Blot!  dor.oc*  to  Cun  end  windows  extended 
tv  twin  dlotwne  bulging.  Kxh'rior  weds 

wtre  biwn  ext  ok^J  thr.m  coii*'.-.-tCwCi  on  tho 
piunt  ond  sect  km,  Cixllcrty,  porilHona  shown 
cmihokiied  wars  destroyed. 


8ct«i  Vn&*  f'**t M  to*  'a'+kk )»  W  ******  rf 

rti«*  »H*  t;»  . Ki*  *t«ii r«<  t m  an* 

SW*a  at  tu*  ♦.tuvw  p*':tiao  *t  iim  tirttt'**. 


Bsreh  1643 
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INCIDENT  SUMMARY 

MULTI -STORY  STEEL.  FRAME 

AfttFTMENT  BUL09IS  STRUCK  BY  A  !»0&  £ft  BOMS 


A  non 

INCIDENT  •  9KK 


ft  800C/10 


. --‘■•A - |m»i**tpiofci»*tt»j 

■.-rrrrp-  J  ,  M||  J 

pM  iSK 


in 


IW*^ 

ft,  ,6*t 


I  J  i 


'  ■  '  JL'l't  7 

37zm, 

■ - "fewifcSr  I  • 


dM 


CWor*oa  MC  K»t.&«*vt  NU 

lVIlbllC 

Ty*»t  tiirtMit  ItlMlii  milltUt  ll  ltM» 

Ctul  «3i  4’OVii  »|ir»»f  ftt«oa. 

Jyb*4r»(.tlon*  (iitnU  «a«ii«d,  ki|k  tmsIT* 
*t*«t  (CktuMw)  fr»a*«  9  It  of  at  S*  toll#* 
ills  ml  Ik*  o*»fr»t*  Uolidioo  flilikt  I* 
llAitir-  k«*ff t  tlallir,  *H»  !*  inkill  ci». 
f it*.  t»‘nr!«r  Vdltt  I*  6r tok  wttk oitlide 
til*  frill*.  PirtH!e?n  **  kr  lek  or  kr**t* 
klock  art  7/k'  olntor. 

Cirdsr tl  tfUilotod,  1®*stt»»  otkoro  il'ili* 

ItMi  t  41 2  Hue  l*  «  U"  i-k*»*o. 
fltHtt 

Tkl  leak  »ti  forottd  tk*  roof  ood  t>r*o  .'Worn 
dotomtod  jut  ebor*  tk*  feortk  1 1 oar . 

Hoof  l  fomhod  4  L1  ksloi  *a  ofr^otirct  dir-mo, 
levoeth  Floor'  FUtod  (1/4*/ ,  1/5,  tovorod 
by  lomot  o i  book.  A »»r07,  »rm*  if  da'iom 
lail.fl,  to:  flier  -  ICO;  firt  llloii  -  »C0| 
ostorlor  bills  •  •. 

tl.it*  Maori  III  bocklod,  ml  comic!  Ion 
wore  lorn  Sot  ftm«i  bold  *»  on  oil,  Wyroi, 
iron  ol  fiaio*  >o  •*.  ft.  tot  floor  •  l|fi| 
•artltiom  ~  M0|  iitirlir  nlSi  •  I, 
fifth  flosrl  III  fiflootof  ■»  7*|  tos*  nil 
vis  koiof  oot  i',  lit  wo*  kov*4  *o  mi  **» 
cotio*  eerr.oetUo  iivcnf.  Affroi,  owi  of 
,  dirtj*  liM.ft.t0!  f  lonr  >1101  mrtltlcim 
Ikwdt  oitorlor  tilli  •  ttO, 

foirtk  floor!  Ill  k«<oii  fouai  Mi  »l  lit 
ooro  loft  Aooiio;  by  rorond  ooinic t I n«i . 
ft!lliii|lt,i«oiil  toro  loo**,  h*o  Hraoiof 
ktek  (C°|IM  md  III  woro  ten**  oot  l|*t 
1*1,  *0*  ond  torn  lesio,  moo  boot  o«t.  ?*>«* 
1 1  hi*  kCHid  7*  «td  tblitod  t*.  Iiti’ti,  *r*a* 
of  fmi|llo»|.  ft.  tat  floor  .  7 00 1  *ortl> 
tlmi  «  tOCO  or  ell  olthlo  rid  In  of  'il  f  t .  | 
oit*rlor  Hills  •  100. 

Tklrf,  focmd,  first  floorn  In  eWactiril 
fioif*.  Af  frt/i .  iron  of  *•**■*  |»  •*,  ft, 

tot  floor ot  Ird  -  l(0|  2nd  -  lio»  lit  -  1X0 

Firtit  We*  I  »r#  •IC'Jl  2nd  .  000 1  lit  -  130 

tit.  doli*  I  trd  •  t;;C!  2«d  -  0  i  tit  -  0 

Tk*  Itk  floor  *lbk  hi*  kloud  w*|  tk*  dtb  ot* 
kloon  doon.  Tk*  a  Inn  I  ■*  bay  of  !k*  Ird,  »»ii 
«nd  lit  fleer*  inJir.VWuly  collt***d  *»d*r 
tk*  lapict  of  tk*  d.ikrlo  load.  Door*  oil 
fun*  lion*  corrlocro  i*ra  dnongoit  *1 1  ■ 
‘do**  aroiod  tk*  *r«>  utrs  kroCo*. 


PLAN  foulh  floor 


ill 
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INCIDENT  SUMMARY 

MULTI -STORY.  STEEL  FRAME 

RAILWAY  STATION  STRUCK  BY  A  5100  Ih  A J>  BOMB 


UfCICEMT  ONE  j 


w*«»ot/tr 


tSunnao  lOCOU*, 


MILII* 

T»»a!  ItilMl  I'itllH  tlckat  rfflea,  t  'Kot  *441' 
tlon  to  aalitlnf  old  .title*,  tooalitlOf  »f  000  itery 
ibnt  |rowt<r  *  lilMtMU  u4  Uw  t>uk*l«lt  Mb* 
ttMNU 

Conalrocttoo:  CoOcrata  a.catod  »to«l  Irm,  Mm  uc4 
ftriar  ijrltM.  «  l*.„  (1)4  1  loch  tv»«l  l/t  floor  u4 
roof  littti  Oirtataodift#  faatura  of  >bo  cooitractto* 
Ml  (ko  wry  lmy>  flrdtra  (V-f  Miui  vltk  00V (r 
>la’d«l  (banning  tko  brac'd.  Tkoao  flrwara  nor*  a  ay* 
oortudby  ittol  colunoa  aat  c*  allaa  and  vtro  tlnlyoof 
to  earryaaroocaad  ;0<ttor;  kulUlna  (art  umm<  oof. 
ipilcra  eVaon  on  lactlooi}.  Kaivy  »/C  r.ltlM.g  wallt 
fornad  tka  fouadattoc  for  ih*  aaU.'lor  .alls  ef  bki 
••(tain*  tnn  (run  Tel  old  atatloa  vat  kal.t  of 
aloglo  flrdar,  itHl  arckaa  ani  I  l*ht  lattlca  imrllou, 
covartd  vltk  *  (dU.it  glazing  and  e'jrrot.tad  ahvath* 
im.  UnCora/oarf  track*  vara  hostad  ia  a  flva-rlnf 
krlck  arek  tawal. 

PMIMI 

Tka  koak  gtrforalad  tk*  atroat  lava!  or  flrak  floor, 
akrack  tko  jlrdar  aa  shewn,  ao4  aaplodad.  Tk*  glrdar 
mi  aava.al,  ducfad  —  S-haie  tizdl  y  ban',  rlataa  tar*. 
3'.*i#’  of  concraca  .reciln*  atrl»Md  olf,  it  tit?  sir* 
flactad  a*.  Tk*  atkar  (IrCara  war*  d.tiaUad  (aa't 
slfffl  oo  *lao)  an  a  tan  coocrat*  locating*  vara  it't> 
alvaly  eractad.  Oaflaotlcn;  mra  w.riatl*  cauaad 
k>  vlo!*"t  aaa  haavy  it.hrla  ieada-  Ik*  ant Ira  flrak 
floor  and  'oof  a. aka  vara  con? la tat /  danollckad. 

i  fax  of  tk*  oat  van  I  an4  V9  aaa  r*rai*o4  *t.n*ln|, 
thoujk  twlatnd  and  kcot.  Tka  couooa  an*  roof  and 
floor  feam  kotwtan  T  ao4  ?  raoainad  a  tans  I  no  —  coo* 
oactloo  at  Y  fallal,  fallaraa  occurrad  la  tv.  a  loltcd 
canototloc*  kttvcaa  kao'l  an*  eolron*  — irant  free 
tk*  fact  *U»  rio?  enr-erot*  trcawJ  taoca.rt  vara  atrava 
•fcOJt  k.t  U*i}M  only  at  tko  oof*. 

Tka  'atari or  brick  vol.a  tf  tko  kaiiaiUj  boro  kV.a 
out  oacoat  katvaan  X-Y  a.4  2~i.  It a*  slaa  at  ifaiaonnt 
ta"Ol.)  Tko  rail,  *.T,  and  InUgr.l  (glara  loaoaf 
outuaro  It*  with  i\s  vortical  k.t  rtoalntd  intact,  k 
anil  part  I  m  a?  tka  brick  tun.nl  va«  doaollahtd,  id- 
Jaeant  hu!idln;a  aaMarad  aaeo  klaat  lut|i. 

Cniuoa  ta  tko  old  static.  vea  MoUad  to  tka  raanvat 
of  «tl  okooUtoi  and  jlazlnj  —  oo  atructural  duoy*. 

Yka  acak  <*a.  idvuilrlad  ty  *  frtjnant,  18*  c  It*  a  »* 
thick  lo  alto,  laUInlr;  valla  avffarrd  at*.  fraf- 
enntatlco  d'.'iic.  Dcjjji  fo  th*  r«tsln|no  walla  and 
flrdart  olj.'.t  havo  *».»  g.vot tt  If  tha  kook  ka4  not 
karo  atoyoad  If  tha  ylrdai. 


•dial  Clravi  Mutual  tVa  Ir li.-i, »;l  «f  cfMra  ardn*i««Hd 

rselua  will,  v..^  lidr  U  a,v*;iluu . lt.»  <oni:r  al  tka  uk»<o 

talog  ot  in.  oiiu«iad  oMiilta  cf  tka  o'ji.afo*. 
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INCIDENT  SUMMARY 


MULTI-STORY,  STEEL  FRAME  I  A*Hl  MS-L 

OFFICE  BUILDING  STRUCK  BY  A  PARACHUTE  MINE  U22S22  22i 


NIUIM 

Tree*  Cawercte)  balldl**  NMiitlif  «f  a 
end  i'i<*  4)k*r  flair*. 


Coftat/tcl  ioi.«  e*Mr»U  «MM  itMl  utllMt  **t 
b*e«e.  Hret  fleer  *)ak  of  fr-i&tk  h/fis  vgeer  lltctt 
ef  eeient  hetlar  concrete  licbi.  Vella  of  !$-</**> 
lock  krlek. 


CMS*  - 

The  ktrechvt*  air.*  ft))  lath*  cirea*  non  rme  ear*** 
«j  UnktlWtae,  l«*U|  a  urUr  iM*t  2k  ft.  la  41— 
teeter.  Th«  etructura)  freaewerk  wee  jene.i ity  on- 
dtujcd.  There  we*  eoee  tllght  at  Ha 

tlon  of  fhe  floor  ittb  irnf  boeau  it  fko  ffrat  fleer. 
The  •  lib  mo  v.*-dta*ge*  kut  the  met*  f  Iwrwet  kreka* 
*k  direct ly  over  the  bint. 


•  The  beiiavnt  will*  nacreai  the  cret *»  w*  covered 
with  floe  crick*  *nd  leahad  isllghtly,  laaeeeni  »«:•* 
..  tltle.it  were  deaotlrhed  tod  hlaet  eaaige  lb  dearer 
window*  tod  br  l$k  ficlr*  mt  contldtreule.  Atteritie* 
U  ceiled  to  (£)  tn  the  slevetltv.  ehtwlng  the  char¬ 
acter  lailc  diet;*  te  the  feec-tr Ich  era  atone  cento* 
ty  the  Interval  cf  leer  ;yrtt«r«  footle*  phi»»)  whlvh 
directly  foil  cava  the  high  creeeure  (nucltlri  ghetu) 
ef  th«  bleit  wtvej  the  facing  cypeera  to  have  b-ot 
rocked  froa  the  well. 


lie  beuaent  wet  adapted  eg*  yead  ee  the  h.t.h.  control 
control.  Mood  ketat  end etrvte,  3*3**  end  §*«#*,  were 
Imtelled  toeuvport  tie  concrete  floor,  foac  of  the 
beta*  were  tpl  It  along  the  hcrlcoctoi  ul*.  uee  de¬ 
tail  of  otruttlng.) 


P»“;c  te  the  oil  burner 

throughout  the  building. 


lead  te  local  lied  f tree 


SECTION  A -A 


trick  rune  — — A  <,  >*  '>- 

■  S'ri' 

DETAIL  OF  STRUTTING  ** 
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ftfxycKtyw 
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INCIDENT  SUMMARY 


SINGLE  STORY.  STEEL  FRAME 

SHED  BUILDINGS  STRUCK  BY  110  lb.  &R  BOMBS 


Lmugemt  out:  I 

— i umi/ 


{*«'<*»•  #o  >«  «.«.  r  a*.  «i.  khu 


ni~j  mini 

A  S'**  of  mow  etogfc  nhjry.  sto*l  frem»d  »hod  beHCng* 
and  c  befer  Muu  with  edjointog  tool  teafeer*  m»  th*  t» 
jet  #f  8  KleC  CT  'JrW  !V5  lb,  0.  F  boo**.  (MA  A,  C,  C 
Fond  0  reeerurtd  9©*1*  £«o‘* i3to‘ ( to Mot«) ;  Ml 
end  0  m«m<4  ibe  x  »eo*A  aW. 

CoMtrueWen:  Steel  etm-teolMruiMtt  46' tang  imm! 
Id?  4- C .  utih  Ilsv’lW  porllft*  ,Vjt  verify  kMM  N  l«M 
formed  «o*x  s«*  bar*  •  Ceknnae  *Hot 

Roal  «n  toothed  wlK>  corruectod  eibetto*  «»m*«t 
toot*. The  loner  kaUef  Hi#  north  He#  iflnaMw 
dteatd.  Brick  »9lU,P*lrikk,h8d  cteilng  to  *KarL  end 
mB»  end  relit*  shutter  deer*  fto’xit'lfc  toe*  side  write 

(UMm 

Bomb  no. i  .•  ,S ,  end  0 ;  tee  ?t«t  Ftoe: Ho  tom*  wWb 
too* ,  kill**  Kl  tM< 

BemkM.a :  »m  Detail  It  A  eroter , to' to *ltn.»tor,£*P 
does.  wa*  formed  at  )h*  earner  at  »h*4  f  to  th#  »“  R/C 
row6  tbto.Th*  tlofe  woo  eroek.d  arid  lifted  iu  «  notlmn 
distance  of  O' from  orator  **gi.  The  »*  brick  Ml*  o»i 
cracked  by  aarlh  shock  end  tbo  reoftne  demacod  W  fab- 
t*d  dtbrU  le  the  nuloiri  town.  TO#  totter  doer*  to  the 
tice  #011  tsere  wi  tons  god. 


FLOT  FLAN 
to# Crj  Ariw/iM  «fi 
UuT  n..in..OTi-iiN‘ 


i  ♦ 


I 


*•"*  no  4  ;  m#  Plot  Flail :  Damaged  tod*  P  end  4 
by  bteit,  breoeloj  *0%  ef  tbe  end  well  vtosifcj  sad  «p- 
erciL'.i&Hty  htk  of  the  north -bjM  gist*  n  th*  creatad  «m* 
The  chkvwy.aVhlch,  wo»  marked  by  strut tfregmsnfc 
el  ttriklrg  above  •  point  B <y  from  the  ground. 


BemYno.  7;  *#e  Detail  I:  Gkoottil  on  unfkutod,  fitlad 
ei:1bw;hrr.  Ottlre-.sd  oWirlk  natts  end  dltlsdnd 

U  ter 


. - .  f>  l 


V  .10-  te  1  L  >  _wn* 

dLfcS^-a  to  »A*7  fbfu..  j  n<r  3  UMpC^rwAlHa*^  M  tef 


Mverel  tieel  root  jetett.  Reefing  oi  untWebed  bei 
house  mi  net  damaged. 


Bar*  no  * ;  ***  plan  •<  Otldi  It  Direst  hU  w  «hed  C, 
prv  footed  roofing  'owl  tarred  e  crater  TtVto  dtor-.rtsr . 
*’  dto? ,  to  •  teen  R/C  *bor  »‘jn.,  BorrA  y*t  iwseed 
vetsy  btem  .  C-ily  9  1kT.il/  pyrriflt  utr#  dtltrv/triend 
if  s  tre"  .1  bjfl’iPS*  ett by  •  f*1*  frsg~tr»».  OtuUgf 
g!cbs  i.id  the'. -‘*  wer*  fi'rcrn  fi;!»t.  ter.nnl 

tr-cil-.j  #'.«  to."  ;>!  .lily  wlilrcyrd  kt  »L£«iJ  til 
(espresks’.^y  iTtuaolcid  tot*  etrlittly  Cc.-.v.yd  In 
tletn  sscd  ores.  The  firm  ti'licts  the  pvctnta^a 
ef  norlh-L^t  glsikig  krc’^r«  la  ooofi  *o'»s»*  bey. 


C*.TA«.S 


w  v  ( , 

‘  aiS: 


Orr.b  no.  • ;  tee  etoyotlon  of  Cit  -J  J:  Crr.ii  kb  oner  ear 
irirol  eirJ  C  fer<- V.j  (riw  tu'-fj' in  r;  neaest 
e  ‘n  «'<•.  .*  v.'.l.  Y!  »  9  ix-'.fc  trick wc'lto  ti.Vitiw  nee 
er,.  *:Kc'.j  uciied  es  cf^-.t.TLs  fre-t  e.tMl/Ooo* 
««>.  .1  cut  ever  er.i  k.cii "tj  r-  i  !W  dor;-  :  e-.rs*e. 

Tf,:?a  er*  f  \  imoI  i  t.s  evi '  ->ity  ti-r-d  iy  t'liito 
Ko  •f.’.'Tvr'iil  :*  di-Tt.  ;}.  i.T-laly  c:n  cf  Ike 

•nd  r,:i  cIcrL'.j  In  IMi  (Led  wot  bretee  fey  kerb* 

*M*d». 


./DILL 

7 
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/ 
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V' 
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INCIDENT  SUMMARY  ffjV  .  «j«j« 

SINGLE  STORY,  STEEL  FRAME  _ _  „  _ _ _  JcidewtmL 

FACTORY  BUIL&NS  STRUCK  BY  2-5SO!b.  Q.R  BOMBSt.'".01?.^*— i-U 

Vf  -  W03  / a  (OOtkUJf  2*0  h*.tC*h*wi»»| 

^ S^x.'./^ \A  ?!il.?‘,!u,u  *t*r  y  factory  kalldlti#  f*r«» 

,  ..'pi,.--  -».J  |(|  |  *#  u  |*<w*tr  l«t 


~TVW. "  HwVv !'  -^y  '  P“JT 

-  •  /  v  :  ■]*«>■  '  .  ,'vA  •,  VSvWtw  |."‘r.^  J>.  -'I 

/,.  -  ■?■  ■'  i  :.i  .-  ->1 .  j<rr»y~ •;|'.'t^>.y  V. _ I  .  T 

’-'  \V;.'®t  &•>-•  **;•'■.  ",CT  .,' 7f.*yJV.’ -•  .  v7;‘J 

' 


<4 NORTH 


FLAN  ac4* 


i!'1*  a** 


«■**•  /Etffj 

**//  « tkOtcftt 


\  *.-+*  t*UH4 

vssm - 


r>WMM  I 


ArMr^iMiynN 


>#/**»  pcWArm 


ttuftm  >nrF< 
**eulp  Pair 


'asS 


IIIUIH 

Yypat  IUiU  *t*ry  tactary  kalldlti#  Farm* 
lap  part  at  aa  ladaatrlat  caaflai. 
klaaaalatat  U!'«t'  a.  IW'4* 

Ceaatraatlaat  tittIN  Walla  w»  at  krlat* 
Troaaa  *►•»  tki  I  ik»ft.  w’dth  at  tka  btlld» 
la«  *««  ara  Hmartil  aa  tka  wait  aide  bp 
*•■»•  itaal  ealiam,  and  «a  thr  aail  alt*  by 

Ilrdan  ipaaalap  kC*tt.  taar  apaalat*.  law* 
eatk  trail**,  10  ft.  aa t  *pie*4 

II .  *a*rt,  v*r*  awppartad  aa  th*  ll*~ft. 
tiuul.  IliUnlllat  iMaaM*  Inrrrtlt 
tka  aa**  at  ik*  a*wtt>tk  irai***,  leaf 
cavarlip  an  aikaita*  ikiat*  *apl*rt*d  •• 
*t**l  *a*l«  nrlltt,  tlrfp*  plat*  wet  at 
Dakar,  Perth  llpkti  at  aaa-teatk  tra«a*t 
war*  aatWiid  altk  |*  air*  pit**. 

IUIIU 

Tk*  tw*  beak*  p*rfer*tad  th*  raof  lad  tv;  1*4*0 
•pea  nantict  at  tk*  f!o*r,  Tka  *ipl**la*» 

1 I  Mod  trail  Tk*ad  «*v*r*4  It*  aanaaatla* 
wltk  galea*  ».  That  aud  at  trail  a*k****«ntiy 
cclltpitd.  Tkra*  k*p*  at  tka  hr  l*t  w«l  I  war* 
blew*  dawn)  tbr.  iaw*taath  trwaiaa,  aappertad 
tkara,  aallipaa*, 

Tk*  a*w-t**tk  tra***»  *!**»  C**t  la*  A-A  **• 
aratid  *a  •  ckala  at  trnilaa  aaakara  *llew« 
la*  a  4*cr*a*lia  aaaant  at  tag  tawird  tk* 
aaltiti*  walla-  Tk*  aaecat  tbat  auk  trail 
tklftad  IcwirO  tb*  caatar  It  ihewa  a*  tk* 
**otlai».  *11  gawtaath  tram*  acit  at  i*c» 
tlaa  A-A  acta*  ilallirly  bat  t*  tanar  de» 
ara*.  Calaetf*  I  t*  •  war*  kiat  toward  tk* 
aatlaai*.  var/lap  la  aaaaat  frta  I*  ta  I*. 

Tk*  chtla  of  taaila*  aaakara  OapaadaO  aa  aa* 
kalt  far  It*  **p*ort»  Mewavar,  If  It  k*4 
fallal  It  It-  prohakla  tkat  tk*  aaat  lit*  >f 
tranai  woald  k*«*  take*  tk*  1**4  wltk  t, 
aarraipaadlag  1/  pr*it*r  aaoaat  ef  **o*a4arp 
c*l !•»•*. 

Alt  «wk**t«r  reaflai  and  (Ulla*  wir*  klaw* 
aff.  I*  iiaaral,  tk*  gurllai  rraalnad  la 
»l*c*  pratantlrg  tka  lataral  cal  lap**  ef  tk* 
•  awtaetk  <rat**i.  la  th*  ara*  avar  tka 
klaat,  kawtvar,  tk*  parllaa  talltpta*  wltk 
tk*  trail**. 

Oo*  kap  af  *  platfara,  which  wci  Ia4ap**4a*t 
a?  tk*  wili>  tiractira,  waa  klewa  4ow*  aa4 
th*  *4 Jolalt  p  kap  wit  badly  Mat  ind  4afl*et*4 
by  tk*  klait. 

Th*  li*  wlr*  «**k  which  kad  k*o*  attach**  t* 
tk*  kettra  chard*  cf  tk*  trait**  ««wpkt  aa«t 
»•}  tk*  dikrl*  fro*  th*  re*f  (*>c*pt  la  tka 
\  *r«*  avar  tk*  bl**i)  and  pr*v*Ht*d  *•»«  a*i< 
>  aaltla*. 
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INCIDENT  SUMMARY 

SINGLE  STORY.  STEEL  FRAME  , 

FACTORY  BUILDING  STRUCK  BY  A  22008).  G.R  BOWS1 


MOTION  A*A 


MO  At-  »•  C.  »  ttf.  •«.  M  «) 

BOILWMO 

A  •dfattf'fuly -framed  vteel  shed.  ASbeetee  cement 
sheathing  ok  steel  l  purttne.  Monitored  roof  tmo 
M  tpoced  at  >4tV  on  4d‘ spans  eorrtod  by  braced 
voBoy  booms.  Beams  oponttf  between  ootumnu.  >4*  to 
tin  level  Coknrts  have  osrtro  legs  to  carry  crane  0r* 
dor*  at  vi  level  (mo  tae.A*),and  etond  on  cone  rot* 
Mocks  hi  on  reinforced  concrete  pllee. 

DAMAOC 

BctA  hit  crone  girder  M  ond  exploded  belo«  towel  af 
coL  footings.  Cots.  1,1  and  crone  glrtore  t-t,l-l  %  l*t 
were  blown  upward.  The  cdfoaHnge  wire  stripped 
fro;  i  their  piles  and  the  girder*  were  km  upwards 
from  their  connections.  Vtffcy  b«cm  £-W4dboeome 
down  ond  with  It  ott  of  the  roof  structure  with'  n  tie  urea 
shown  by  the  heavy  shading.  The  odjaecnt  roof  structure, 
within  oreoe  ihownlnheovy  shading v4&»cv»ae  pulled 
toward  the  coUopced  area.  At  the  top  of  the  woN  at 
the  river  end  of  the  building  (R*R)  this  mounted  to 
appro*.  3'-4’.The  top  of  eclS&stwccn  crate  girder  A 
roof)  wot  bent  Inward  about  <-6*.  The  Igltler  cole. 4, 
see  bent  Inward  oppras.  5’*d  wKh  the  watt  but  re* 
rr.olned  vertlcol  et  bom.  The  crcnt  girders  that 
fet  remained  virtually  undemgod,  failure  occurring 
within  the  belts  of  the  connections  rather  than  the 
mtnbtn.  The  chimney,  collapxpd  by  eorth-  ebook 
and  blast,  crashed  through  the'  roof  carrying  with 
1 9  oondderaUe  ponton  of  the  roof  structure. 

All  a  *he  gioilng  ond  oil  g.1.  rooMng  in  unilre 
building  gone.  Many  purlins  end  tight  roof  mem¬ 
bers  were  bent  ond  twistod-thalr  connecttcns  oh 
so  eultcrlng.  Ail  exterior  well  shuothlrg,  eicopt 
In  end  wotl  ft-R,olso  gone.  Attention  Is  colled  to 
Ihe  displacement  of  the  cclfo3ur<o(;ceeo«.A*A) 
it  ta  to  be  noted  that  thte  Moch  of  ccnorcte  woe 
eccurely  anchored  to  the  (i/Ojrilef. 
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INCIDENT  SUMMARY 

SINGLE  STORY.  STEEL  FRAME 

FACTORY  BUiLblNG  STRUCK  BY  A  F&RACHUTE  MINE 


W«NN/M 


SECTION  A-A 

war 

1 

Iff '» — t&MUOt 

l  r'V.A 
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MtJ*  Snuff  • 


t+Atu.1  **  r? 

l'w1 


■  411 


•*** 

-  imUiWiA/ 


EOlu’I^SlUACE  .  £ - 


MUJIM 

Ty»a»  tit ala  ilnrfr  iIn)  (m  abate?*  iM 
illlt  aMrolatUlj  Wlb  i  Mi  (U 


tiMlrMilM  ItUrltf  mIiiu  (affaotad  mi)  « 
tM«vy,  WttlCf  I /Ml  Ni  lM««*»Uil*l  «M  • 

1  t  HI  wltk  aawar  yletat  Ml  tha  lay 

«f  i  •  ll'rt'  i  •  •W  »!tb  19'il/t*  n«v  ;IiUi. 
IUm  law  wn  lacad  Itcitliw  with  •  teal  Mflet  if< 
iiuMi  f'J  l/t*  a.t.  A  alailybaltt-ay  aolaaaaitaadati 
■award  u  tha  raaf  ul  mm  Hitmi  ta  lb  latlloa 


•Irdara  and  Trcaata  -traMnlr<)art,  >VmI  l'4‘  dam 
IHMllf  M'-f  litem  ealaana.  ru  tba  Wl  la»(th 
af  tha  ielUlM  «•  *aek  alO*  at  tha  ealwana.  Tteay 
wara  ballad  thra  thalr  battua  (Iimii  ta  tha  aolwu 
aaya.  lb  ova  theta  a  third  arena  ftela#  tha 

CaatUy  It),  mi  iimrUt m brack* ta  fraatkaaaaUr 
aalaaai  cancltadlaal  Hat  Umti,  alaa  attaabad  ta 
tkla  caatar  aalaaa  aarrlti  tha  lt£t  yltabad  raaf 
traiaaa. 

loaf  ln|  ul  thoatblna  -  Mrrxitait  galwaaltwd  lr»a 
abaata,  ia«,al  ha  4/11*  kaak  hot  t>  tat  Ida  rail*  a«4 
aariiaa.  Tba  alia  ralla  eal  yarilat  Mra  I  l/t*a 
•**>/•'  aaflac*  . 

Tn-ity)  talUlaa  - brink  wall -tear  !«t  aoutraetlun. 
a  baa  I  to  ft.  a  IM  ft.,  l/t  flaw  alaba.  raof  af  8/4 
i  lb*  Ml  kail *a  tlia  filtar. 

MUM 

Tba  brukata  alaa  yarfaratad  tba  roof  leg  a*d  fall 
ctaaa  la  tba  Uttlea  aalwaa,  litaalitf  raaa  rrntaet 
with  tba  flaar.  Oal>  all|bt  atraataral  4aaac*  w»a 
dent  ta  tba  aalft  aha»  balUI»(.  Thrcolaanwaarwot  tba 
aaytaalar.  «aa  dtatartod  ctuldarahWl  an  lag,  tm 
alatlig  af  ikraa  I -nil  Ifni,  mi  aMirtl  aff  al  tba 
kaaai  tba  atbar  lag,  taa  l-aaetlana,  uaa  alaaat  arnartd. 

Cram  flrdtra  I,  I  an*  I  (as?  -la.)  wara  blue*  Cana 
what  tkalr  koltad  c«*a<ttlt;.i  fallai  la  tana  la*.  tlrt* 
ara  »,  4  tad  •  wara  t era  luaaa  bat  Oil  not  fall  tan, 
*  ftv  roaf  »arl  l*a  and  Irana  mabara  ror*  Wnl  and  trra 
loot  a  by  tba  fall  Lag  alaa.  K*  roof  traaeaa  tualaM. 

Almat  all  af  tba  raaflaf  and  *atl  thaalblng  blow* 
off  af  tba  building,  Tba  book  kolti  atralgtitanaC  cat 
bat  III  aat  toar  oat  af  tba  ahaatkla#. 

Tba  tro-atorj  tr*e*  talldlng,  adjacwnt  ta  tba  ltdU 
8locb»arl  auf farad eona Id vabla  daiaga,  Tharaafalr.b 
and  aacond  flaw  walla  wara  oumUtoh  <l«a*l  labor  by 
tba  bloat. 
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Vkw  b “■•/*■  tetonatUj  In  tkt  bataetat.  Itrettarrl  In* 

- x  g(i  mu  aUlui  it  lit  MlUi  i«u  {TOCO 

^=\~-~~~r~y-=T  ci,  ft.)  It  wktek  tkt  eisletlen  atrerrtlc 
\  |I  \  I  I  Tkt  ko»k  tttleft*  It  tht  Hit.  ttttt  kttwtvt 

l  f>  I  JLmA  '.ke  ktlltr  tad  tkt  katas  evtilla  wall.  Yki 

prif!  j  first  flttr  ktane  (I*  l,»,»,  at*  I)  t»trt 

trfc  |  rtltt*  etrur*.  Flttr  tUk  tvtr  lei,  kavl.-.j 

/  t'jllaa  tut?  fro*  It*  k|-ln.  tearing  ale*} 

pRjf  /  tkt  Mill,  wat  kreWea  an*  l*ft  kinglet  fat*, 

u*  1/  Tka  fleer  elak  evtr  kt'.ae  tat,  l,  anj  t  tan 

(  |  tit*  rtltt*  kut  kata  tat  retain**  In  tlaaa 

**■■* - -  ktl.na  auatorte*  ky  tkt  lit.  flttr  aartitlae. 

I  kefs  (tkaat  Ik  a*,  ft.)  «tl  klou*  I*  tha 
Mtl*  finer  tlak  Inaellateiy  ever  tka  klatt. 

>  a  I  . 

Itkur  *a»a(*t*tha  twilling  att  altar,  **n« 
I*  trraaar  tAafan  tl*tU|aftk  1 1  - 1  A .  *|aaaltr  kela  I*  tka  reef., 

k7  tart  arar*  t  t^all  tertian  af  tkt  taratat  atll  leeoUaht*, 

■■ktAra*  an  II*  a  Ik*  kela  I*  tkt  eaee.n*  flntr  an* 

teat  *latt  **•(■*.  If  aw  fay*  after  tka  lacU 
lent  tka  tekael  wo  I*  naraal  eieratlan  *1* 
tke*|S.  at  raktlrt  kt*  kttt  aata  la  tka  aaej- 
tlaa.  . 

• 

Twa  tttetlUat  raialta*  *a  tka  ttalr  at.ai 

.  . _ o _ .  i  leer  ei.t  fella*  lawn  an  \t»  af  than.  Tka 

kellar  at*  cklwnty  affanttvati  taraaan*  tl 
atker  itracnt  akaltarlag  it  ika  kttaaaati 


Tka  tkatek  kalaw  akewt  tka  krtktt  eonaaettea 
af  tarn  lal  t«  oolwan  I  an*  It  tytleal  af  eta* 
arata  ktao  an*  ealtta  fractara  talar  aallft 
laallag. 
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INCIDENT  SUMMARY 

THREE  STORY,  REINFORCED  CONCRETE  FRAME 
WAREHOUSE  STRUCK  BY  A  5501b.  G.R  BOMB 


M-SSOt/tS 


fiH-ssol 

\A  MS-RCF 

INCIDENT  ONE 

IlKM  UOH  tfitckf  «i  OOHi 


wfa 


\r—t€  Mr*  ft 


JAM 


S3OT© 

■ _ 


SECTION 


.  i  ,iT 

••••••  "»!■ 


L,  '  : 

•  i.:; 


'V-J 

,r\i 


h,i 

L 


srj 

nff 

•# 


BULDWO 

Typei  Whorl  warehouse  t  first, second  ond  third  (loom  - 
trick  vaulted  cottar  under  bock  row  of  boy*.  Overall  dn 
mansions  43‘x  iso*. 

Construction!  Relnforced-concrete  Irame,  beam  and 
»tab,t3'iiy  bay*.  Siobt-eh  thick, designed  (or  a  live 
toad  of  mlbiper  oq.fl.(scwrt>.  Cotumns-flrst  floor 
t4*x  t4‘,  second  fl.-ti*»  *i",  third  ft-  ie*ite*. 

At  the  time  ot  the  Incident  the  first  ftt  wot  loaded  to 
within  14*  of  the  celling  with  crates  and  barrel*  at 
sggs,  cheese  and  pocking  material.  The  second  Its 
.  was  not  loaded i  the  third  floor  was  loaded. 

\  OAMAQE 

I  Bomb  perforated  roof  and  two  floor  slabs  and  data* 
noted  centrally  In  plon  at  the  find  floor  forming  o 
smalt  erater  In  the  solid  floor.  Due  to  the  muffling 
effect  of  the  goods  on  this  floor  and  the  ease  of 
_  lifting  the  unloaded  second  floor,  the  force  of  the 
“  blast  was  upwards.  No  damage  due  to  *rog mentation. 

The  entire  second-floor  elob(S$20a,)woittftedand 
torn  from  its  supporting  booms-.  Sis  bays  (lITOOtof 
the  slob  directly  over  the  explosion  collapsed.  The 
Slob  cracked  parallel  vrlthfhj  on* -way  reinforcing 
and  rcnolned  lifted  along  linns  Indicated  torsi  feet* 
and  teccid  olor.g  lines  Indicated  tfcue<  Max* 
Imum  Hit  occurred  olong  the  brick  wall  at  the  rear 
ot  the  building.  Maximum  final  lift  woe  17*  Roof 
;  and  third-floor  stabs  were  not  damaged. 

The  beams  lifted  with  the  slob  and  foiled  In  reverse 
bamttr.g,  stirrups  pulled  out  ood  concrete  crocked 
from  reinforcing  as  shown  In  sketch  balow.  AKcoo- 
ond-flsc'  bsc-.'.s  euffored  similar  Comoro  In  very- 
tng  dscren.  GccmOhad  ccncrute  stripped  from 
^  steel  to  the  extent  shown  on  plan  and  section. 

Column  0,  2  feet  from  the  bomb,  had  a  fos*  metal 
guard  blown  array  ond  concrete  spelled  from  Its 
base  to  a  tfcplh  ot  »*  and  to  o  holgh:  of  2‘-8*.  No 
o  hsr  column  domege  except  light  tension  cracks 
at  btem  hounchss. 

i  Won  damage  Is  show.v  cross-hotchod  on  the  plan. 
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TWO  STORY  REINFORCED  CONCRETE  FRAME 
TEST  BUILDING  STRUCK  BY  A  IOOO  lb.  G.R  BOMB 
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EIGHTH  FLOOR 


EEVENVi*.  FLOOR 


(UVATMN  t» 


ISIIIIM 

T/m:  iMrtmt  kiililtt  tMifilUitflnt. 

»!»•  taosr  floors  act  sant-koass  on 
r**».  (HitrictlM:  NIiNmN  roacrota 

Sl*V  •,0>,  l’  (starlar 

••It*  1 1*  brick  cavity.  Fartltioas  |j*  rtaa> 
tar  aecsrat  to  coltana  wltk  j*  «|ra  It*  a.c. 
i-J**  walla  wltk  If  cavity  katwaaa  aaartaaata. 
Stairway  walls  «i*  krlek.  To  (at  1 1 Itata  arae 
tlaa  tka  ralafarcla#  ataal  waa  arsfskrl- 
•ataS  lata  *ca»aa*  aal  Irassal  lata  kaaltlaa 
katwaaa  aolaaaa  wltk  afllttaaal  atraltkt  Vara 


«ii«itiai  uraiiat  aara 
kala*  U4a<  for  coatlaalty  at  tar  ant  Vwttaa 
yrlar  ta  tlaalai  af  aaaaratr. 


IUIII 

Tka  kaak  rarfarata*  tka  raof  ant  twa  floors 
Satoaatlai  katwaaa  tka  7tk  *  it  it k  flaara. 


■••!*  •••?•••<  lataet.  Soak  rwaekal 
a  Vrl*  kata.  Slak  liwaf  sywart  froa  klaat. 
Faraaat  aal  wall  af  raat»kaaaa  estlarsal. 


ttk  floors  Saaaa  aal aolaaaa  lataet.  Aarraa. 
•'••••»  *»••••  *•  ft.  la:  ftaar  -  !tc< 
rartltlaaa  •  100. 


Stk  floor:  Colaaaa  lataet.  til  a at  lit  ta4 
eunasetlsas  krokaa,  eaatar  krokaa  ar  aal  koaal 
Mwart.  Ill  aal  IIS  II  a lnta«r atsl.  Cannae 
tlaa  of  III  ta  CCI  savarst,  baaa  aaifal  Iowa 
aal  twiatal.  Caaaaat loa  of  III  ta  ICI  krokaa. 
Iliraa.  trawaaf  l«aa«a  la  at.  ft.  ta:  floor  . 
•SO:  attar! or  wall  -  ISO:  aortitises  -  1010. 


Ttk  flaar:  laaaa  an#  colaaaa  aoat  ssvsrsty 
lamigal.  711 ,  712,  711  ant  711  <Ulnta#r»tsl. 
711  aal  711  kant  lownwarl.  717  caaa  blown 
of.  Colaaaa  7CI  an!  7C2  bowal  oat.  7CS  krokaa 
aal  kanalao  froa  catena  abova.  Only  kowal 
rota  af  7CI  raaala.  Issroi.  araaa  of  laaaai 
la  tt>  ft.  to:  floor  •  610:  aitoriar  wall  » 
ISIOt  rartltlaaa  -  1010. 


•tk  floor:  III  callartwl.  Colaaa  ICi  laa. 
aaaf.  laaroi.  araia  af  least#  Is  it.  ft.  to: 

1 •••»  •  120:  attarlor  walla  •  ISO:  rartltlaaa 
*  1170. 


ttk  floar:  la  atrwctaral  faaaga.  *ryroi, 
araaa  af  !••§#*  ia  at.  ft.  ta:  floors  .  I20> 
rartltlaaa  -  110;  anterior  walla  -  0. 

ftcaaalva  0aa«|a  ta  kaaas  aal  colaaaa  aay  ka 
attrlkataf  la rart  to  tka  aaa  af  rrafakr Icatal 
ralafarcaaaat  *ea|as*  ant  aaaarata  contlaalty 
rata,  la  taaa  caaaa  wkara  feaaaa  4  la  I  *U»r.tst 
tka  'ca««a*  ware  blown  oat  wklla  coatlaalty 
rata  raaalaat  la  rlaca. 

(icesalve  aolaaa  telega  rrokakly  tgatobont- 
If.#  rartltloar  to  coluana,  tkaraby  tranaalt- 
ttay  farcaa  oa  rartltlaaa  ta  colaaaa. 

Sesa  frataantat lea  fasago  to  brick  walls  ant 
wlntsw  fraeaa  oeearrat  scroaa  tka  cotrtyarl. 
Oacaga  artanfat  froa  tba  ttilrl  toolgkta  f  loora 
bain#  aaat  severe  at  tka  f  Iftb  aat  alatk  floor  a. 


Ktlm  0  Ira  tea  repwaanf  taatrlarao#:  of  »;*»»*  of  IrsS-soMo 

fKJ»a  wltk  Mo  *!»r  la  <n»*  iJl.fti . ia»  nv,  .a  «(  Ua.1 

kalag  at  Ika  estlaelet  roalllta  at  tka  a«>:^ oa. 
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BUIL01N4 

Typo  i  Sh-itwy  (boeement  and  four  upper  floor*  ; 
Gvt  In  front).  Technical  CMlngu  (ca.  MOO) 
ConelruetlM :  Wcllf-mootlrfi  twoll  bUlt  brtcAhoao* 
tag  well*. 

Floore-e-lnch  thick  breeze  concrete  »k*t  an  3- 
Inch  olooi  fitter  |olth ,  *-*nch  wood  Mock  ftocriftG 
In  Hilt  Inti  one  o  the  fourth  floor  wo*  relnforoedwSh 
•tool  I-beam*. 

Roof*  twte  roofing  on  llmbor  trot  ms. 
Pcitltlcne-9.|#eh  brisk  penUwelt*. 

OAMAOK 

Bomb  perforoted  roof  end  tht  1 3 ft- Inch  fourth  floor 
tte  dclonoilng  cfcovo  tho  third  floor  ot  ehown  I  n 
Sootlon  A-A.  Structural  domoge  woe  limited  to  th« 
room  (Mpoo  eu.lt. )lr. which  •xploeion occurred  end 
wot  eonf  ln*d  to  on  orao  within 4C  fee?  of  the  explo* 
•Ion, The  bomb  exploded  about  a  («•(  from  tte  ifl- 
mch  Interior  corridor  welt.  A  holt  e'xVwo*  punched 
In  tM»  well  (probably  by  most  frogn«ntaticn)andt«a 
debrltwoe  thrown  horbontatly  e  dWonce  of  II  •  fort 
Into  tho  Examination  Hall  in  the  center  of  Ihu  build* 
Ing.  An  orto  of  4SO®'woe  Mown  out  of  each  end  pan 
bitten  well.  Tho  front  exterior  tearing  wall  wa»mo*ed 
out  about  ft  Inch.  Ono  window  tosh  and  tht  corrldo  r 
door  w«r«  blown  cut. Tho  celling  (41  h.  floor  dab) 
within  8  foot  of  bomb  hot*  wot  lifted  end  tht  third 
floor  wot  dtf locltd  3  Inches  in ifcrmly  by  tho  Mae  I 
•M, 

Th«  Xrbeam  coore  tte  explosion  won  perfoaled  In 
wob  and  In  flange  by  frogmtnle.  Maximum  w«bptN 
forotlonwat  4’XI*;  ftangi  purforotlone  wsroiVnd 
iVk  Inch  In  diameter. (Snu  detail uf  floor  ccndruc  - 
f  Ion  ot  B*6 ) 


The  brick  fireplace  wee  demolished ;  f!ua  exacted 
fur  10  feel.  A  emal  I  fire  woe  dotted  In  tte  up¬ 
holder  y  but  wot  readily  exllngulthsd.  The  efcy- 
/  light  In  the  Area  suffered  hsovlly  from  3£rU.Tte 
'  pollc/n  cf  gloet  damage  ehowe  how  effectively 
Mat  It  battled  by  the  rl^.t-ongiad  bendt  in  cor¬ 
ridor*. 
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INCIDENT  SUMMARY 

MULTI-STORY.  WALL  BEARING 

OFFICE  BUILDING  STRUCK  BY  A  1100  lb  GJP.  BOMB 


1100 

MS-W9 

INCIDENT  ONE 


9t  WOt /K 
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(tUitUI  «l 

'•.•I  IVIIAIM 

•  ka*a»>r.t«4fWa  »»af  *lwra.  tfWMSI  »lnWKM> 
tatuir  K  ft.  ky  M  »«. 

^  .  CaMfraatlaat  felt.  -  Utarlof  *rk»  tw4H»lK, 
Hi  taokaa  talgkfar  kaeataa*.  flrit  ik  h<«4  flw 


t  Ml  I 

Miriil  itMl  fraat. 

floor*  anf  I  oof  •  Waua  eaiawaf*  »r4  fllln.  iolata. 
Sh»l(*r  .  kaaawat  rooa  ralrforcta  wltk  T*it*  tlutar 
atrwt*  anf  >«tn  (aat  M'atUt  »ltk  flllar  jalaW). 
ao*.  atfMtiral  ataal  anf  a  mm  W-lnsk  tklek  Wick 

wall. 

MHtH 

Yka  k*dk  amr#«il|  f.  IT  torn  tka  l||kt  Mali  kabaaar 
tka  t.lUUia  ana  Hff»»U-l  tka  raar  aiUrlar  wall 
ana  kaaaaant  floor  kafara  4atonatlng.  t  orator,  II 
ft.  la  fl*Mt*r  and  I  ft.  4*.,  waa  taraof  la  tka 
aandyotay  aall  kt  tka  aialta  I  of,.  Tka  antlr#  t«IU. 
In*  callaoaaf  filling  tka  k4aaa.nl  ana  gavaMat  at 


lag  cal  lijaaf 


tka  k4.aa.nl  ana  *a*«Mat  at 


af  tka  akaltar  (akawa  arena  »*'»  U  kof  on  tka  »taa)  aid 
aat  csHifta,  hc*avar,  tkar.lr  i.vln.  tka  llvaa  af 
thraa  Moaaa.  Tbay  vara  r%»ew*j,  tkoagk  Irjoraf,  ky 


lag.  f if  aat  avaa  aaffar  glani  tfaaaga. 
frtt*nUw«4  i>M|t. 


Tkara  Mia  aa 
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INCIDENT  SUMMARY 

MULTI -STORY,  WALL  BEARING 

WAREHOUSE  STRUCK  BY  A  2200  lb.  AP  BOMB 


IVJBMO 

JiJ'MS-WB 

INCIDENT  ONE 


Htnt/H 


{0o*«  1000  K«  3&  «f*»t  J4SW 


Skill)  IN 

T>m  torchon*  K  •  cm  of  t  rm  of  tUoo  wort* 
ko*MJ  .ko****i\t  c.to  f  Ivo  rf»Mr  iWi  ill  flit  rui> 
Onr-oll  IIhiiIm  OO'a’K't 

CorntrsetlMoftorokooto  St  kritk  toc.-tc  mile  **>■ 
Hwltot.tyt'  tl.lok.  Mwl  yto  roof  7 *  of  toreroto 
totnoo  7*  .tool  Jol.tr  i^ctl  *1  2'al*  tooSoro  ««■'- 
or *4  with  t’crocrot*  tin.  Mw«  «to  roof  lot*  *•«• 
«orU4b/tUol  kofcto  mvJ  letoroollyU  cut  lr*»  toU 
woo.  luoooftt  ton*  otocaloooi  ooeotok  l*00M.'tt*. 

Virokooto  ©  of  il*ll«r  «*r*U*ct  l**irf  worokoMt  Q 
U  otoot  #rjn»4  oetto.ok  eltfe  krlok  *olli. 

NHN 

Tto  kook  forfor.U*  iU'ocf  ifdkftoor*  of  wirotoeM 
(jy  ori  o.olokiti  or  cr  tocr  tto  flrot  floor.  Tto  oo}or 
(ortlooottSo  oorohauoo  cetUtoOd  totho  firot  floor. 
Tto  flnl  floor  rolt«i«o4  lot*  tk*  touaont  I*  l to 
oro*  «tr  to  th»  kook. 

t  for*  itory  correct  Im  tor. ho»«.i  (Jl.totS), 

.to  tort  of  tin  coojjng  t.rtoilottto  flftk  floor  to. 
vvmo  wiroSootoi  G)  HV>  (£)  yol)tgi«4  totto  yro«n4, 
fto  coolirt  Ur.*l«  vtro  weed  Jor  cool  log  Jmh  It 
pii*«4  fro*  vtrilcui*  (y  to  S). 

TU  etyv.tor  iSiftvt.  otto l  fr.**4itoro**lato  »Uto- 
Ib|  title  coriltortkly  fatofcC. 

kit  eltoow  l*t»tr«liMkU  ®  oto  ©  ofjoetot  t*$ 

tor  a  kin*  tot. 

ttoltori  w or*  gmlfrO  I*  l  Si  ktionntl  of  *>l  tferoo 
kylUIrgi  i*4  *ir»  e.yy.lof  kr  I  ICO  no*le  uS*.  tk* 
kook  ctrock.  t  **0*1*  w«rr  klliii  I,  ttocolUtot 
of  tko  flrot  floor  of  ooroto***  (D. 
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V^:*.**}  teWrWMfeiiJfttfajfa-  IV.  fe««t! 

**w'-*i  ***«*.  H‘I  U3.il  kr;>L* 

MUi  whi  f*\ 

U^aii'm;  i*U*,**'j  •*%*•♦* k  fev*  ***:♦*  •* 
fa*U<r?i|  frlUM  iTr Mv^  w»»0CT>4  i^VIfaCA 
U*,  m*t.V*.I|  *  U  »  ■  “S.I  v4  >W  i/Jt/  f.i»»*,  **J* 
*.,w  \i*  »v^ir»;u;^  v.u  m 

td  %i  hmf\  04  f.l .fa  *--.  ■»»*•»* l*il  »*«l.  >»»  fa*ff 

it*:*  v.*kM*»**'..**«  *•  «w  d\h 

*k*  U'J U*  ««li» .  *  ***•  *  V.  fa  IK*  Wll ,  *M  fa-* 
**•  *%*4  Utf  •**»*  m.‘  *M  ••  ^  44**T,H 
IV.-'i  w"i *IH<  W  :•  tm  *"i  t-fa**.  1W  «  r»i*?l 
.  fW;  v.f  *— ,*■**•■  fa*A 
Tv# •■**.■ »  *:.*  W*.u  MHU*t*:t  l-« 

m4  it.  \  4aU*  A  MM  * >wfat  OF  Oil 

•ututKbiw  fasasao*. 
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*4  tu  tk*«Hrr  vJjh  k*  it. *3. 
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M/k  w>  i  /  .  \  '  ’>  <1  * 

rt-;vHU^;  i  *  *;  t  '  :i*  % 

«*i  «<  4  \-4  w 

(4  ftll  :l  rr  4  >#  IV*  w"  .  •»  «■  '<•  “ 

fa  k*  .Ik*  fa*«  U  fa»  ^ 


fa.|C.;  *.js  +*£**,  «-*  f  'S'  •'  j*  i  ♦’s.H 

f  't•^;  *4  6^-41  ►.-«  mU  fa* 

littWi. 


VMfa  •  r«Ai*  *♦  ImI  faM  fa*  «*M.  rwfa  ***» 
fa4*fa*Mf  fa*i*>>*l  w*r* fa—ftli fat* *  W* 


mMF  iM4,|  4  w»»ai c«t*4m::n«A 

e*4>*j  «^*  •»  »4*AA 

*>«*** »iww/«i»*ac4 %•**{« kh*4  «4 

UM  I'M  *t4>  *1  u  k .  A  hr** 

cl *MinfrF  aim  i#»a ior*;l u it*k'.4*  n  ifafa 
faifaM  fk»  *Jfar tfa*  far*. 


M «7  IMS 


CONFIDENTIAL 


GLCSSA1Y 


A.  C.  Uritot/  Council  ob  liwiIBi  R.aaareh  sad  Dmkp- 
unit,  Mtaotij  d 

ADM.  lamtd  to  BriUna  Axtounhy  by  Rood  Htwmt  Lab¬ 
oratory,  Dmitemt  of  Bcaantjflt  ud  Interval  Horn  ret. 

ADR  Amm.Tomrr  diitrdrofui  pfaeapfeafla. 

inuinmni.  TV  rokrimly  do*  oBdatfes  ol  the  pssdaeto 
*1  too  detnnsUnu  of  a  lift  .^hdw,  II  Bdg  or  oat 
to»uU*»  ibMjtoii  oinot 

Ala  Suit.  The  disturbance  (sharh  wavs)  pniw'sUa  ihrosgL 
tRt  *'t  uudns  from  a  scu>u*  «  suddenly  axpsndfaif  jum 
(aa  truer.  explosion*,  bursting  diapiuxgtiM,  (poika,  ato). 

A24G-NVU.  Applis4  Mift—ito  Group,  Nw  York  Ud> 
wnity. 

AMP.  Applied  Mafloadki  PooaL  > 

AN.  Am  monism  (Unit. 

PC.  Armor- jvw.-tog  copped  praJecAib. 

ARC.  Anncfoant  RMano  Depcrtmmit  (Baglacd). 

AHL/3.  Admiralty  Kooaorch  I-atoratory,  Summary. 

ARM.  Anwoittl  I  tfonunt  of  Rqfti  A’rcralt  EditlV 

nfttnt 

ATM.  AtotonpW*. 

Bock  Eiast,  Tin  locnaeed  hlaat  effort*  produced  oi  too  tear 
of  a  giu»  by  a  muscle  brain  or  bloat  deflector. 

£.trtu  (in  code  hr.Uoaa  and  blaat  dtUnton).  A  plat#  which 
intercept*  t  traction  of  too  gac  and  daffeota  it  away  iron 
the  bon  axi*. 

Bens  Ciuac  ft.  A  charts  which  w  not  in  n  sm. 

BUN.  Ertoelt  herdaon;  tmrabor.  Obtained  by  pressing  steal 
ball  of  lO-.ntu  oiametcr  into  the  aurfacs  under  a  load  of 
3,000  Vf.  Thv  BEN  ia  pvm  by  too  load  divided  by  U?e 
art*  of  tba  tphutatl  ourfsoi  of  the  imprvaaion  mevured  in 
a^uajv  trill)  me  ten  (uni**,  kg/mm*). 

Brut  Dm-uscvcml  A  device  atiacbed  to  the  nuulo  of  a  gun, 
auch  tu  a  tuusds  brake,  which  totaroepia  end  deflect*  a 
fraction  of  the  blast. 

Boat-Taio.  Applies  to  bullet*.  The  back  !*  not  plain  but 
pull/  beveled. 

He  os  re*  A  quantity  of  high  explosive  in  which  detonation 
can  be  more  readily  initiated  (by  meant  U  printers)  than 
ten  the  main  high-explufav*  titling.  Ooucten  ire  umd  to 
initiate  the  main,  relatively  touciuitivo  hi^h-oxploji/a  filling. 

Dumu  (in  tlie  blast  of  a  gun).  The  central,  bottle-ehaped, 
n<(yjiooaie  region  of  a  high-prrwsur*  Jet  bounrkd  by  xta- 
tiouary  shocks  to  which  the  main  expansion  of  the  fa* 
occurs.  In  n  gun,  the  neck  of  thn  bottle  is  in  tha  tuba. 

lift  ax*  RrnunKor.  Tbe  pir  cent  of  rcductiou  in  recoil  energy 
produced  by  a  tmtulo  beak*.  Disk*  eflkU-ney  depends  on 
braxa,  gun,  and  round. 

Biu.'.xct.  ii  a  soui^A.  The  itrinell  method  of  racniurtag  tha 
hut 'ace,  or  cupcrUcinl,  Uardeera  of  a  matt  rial  employs  a 
arriiii  hardened  xtee!  till  under  a  force  applied  (or  *  specified 
time.  The  Brinall  Dumber  is  calculated  from  tbe  duaeaaionr 
oi  the  resulting  permanent  imprenooa. 

Bui'tANC*:.  Tlio  property  of  explosion*  which,  drwerines  thnir 
ib-utcring  [jowrr,  by  virtue  of  v.ry  st/klm  relcue  of  energy. 
Brto'.nce  is  usually  (..'snared  by  tbe  depth  ot  tbs  dent 
nodiiCs-d  is  s  steel  pinto  by  a  contact  explosion. 

Id  llE.  Bulltotic  iUaoirib  laboratory,  Aberdeen  Proving; 
Ground. 

Btn.pui  Mws_vucx.  Tb*  vertical  motion  of  the  gaa  bubble 
duo  to  it]  buoyancy  and  the  foruu  sxc;  ted  by  nearby  surface*. 

llutsu:  rvuui.  The  pressure  pubo  cniib-d  by  tin  udlxpae 
of  Ihe  go*  bubble. 

Bonaire  Stan.  A  Korirontsl  layer  of  concrete  or  masonry  at 
or  pear  the  ground  surfoos  And  iurreundiog  a  protective 


(trustor*.  Ita  propose  fa  to  mum*  nar  whs  booth*  to  bract 
up  or  to  Astoria  ts  pcwmatartly. 

CahUM  (coaxial,  elsctrie).  Electric  eondnaton  to  to*  fora  of 
on*  or  moro  conductors  provided  with  tosuhttoa  end  au 
external  eonrfnetfng  envelope,  wr  AUd. 

Camus  Raptna.  Rarftoa  of  enrratun  of  prejestikfa  su* 
expressed  as  u  aasdtipl*  aj  too  profaetfla  dtoraattm. 

CaMoorts-r.  A  cavity  bawwtl  tbs  anrfsot  of  tfa*  oarOfa 
aauard  by  an  explndoa  too  daap  to  cnUos, 

Car.  Protective  matotial  over  tha  nos.*:  of  too  anaor^iarotog 
aieaa  jiu  A  asp  U  uardto  raduea  baformatton  of  tha  pe^jeotSa 

proper. 

Cass.  Tbo  Jackal  or  acutatoar  of  a  bomb  or  other  pnjntls 
Tho  caaa  fa  unuafly  made  of  atod  but  may  also  ba  uwntotss, 
cardboard,  plaatie.  eta. 

CAVTTArtos.  Too  result  o>  uegstivu  ^vesruvss  or  f«i«MS 
applied  to  water  whW*  pull  tha  mediuip  apart  sad  form 
bubbles  of  g»3  or  vapor. 

CKD  Curumittoa  os  Fortifloatlos  Design;  origtoaL,  CPPAB 

(f*>. 

Csasua  (hlgb-exploaivw).  A  quantity  of  sxpksfve  which  ia 
pveparod  for  ualenation. 

Courosrrs  Rsoio  Pnoiumu.  A  tufl-edibar,  Ughtwuight  pto> 
Jectile  with  a  enroll  armor^deretog  eota. 

CuMeaxazn-Micmornows.  A  gangs  which  depeado  for  its 
action  upon  the  changa  to  atortrie  capacity  uf  a  ookVumt, 
as  tha  piatot  of  tha  wiansar  art  defortnad  by  the  action 
of  prasaura. 

CoouTEMiLwiwa.  lbs  destruction  of  weapons  by  )m>h  of 
an  axpbwioo. 

CPPAB.  Committee  oo  Psadve  Protsctios  against  Bombing. 
Tins  wsa  orgnniaad  by  tha  Nr  Atonal  itecoareh  Council  at 
tbe  request  at  ttw  Otrpa  of  Engineer*  to  cany  out  rasearub 
for  the  latter.  Later  called  tha  Committee  oo  Portifioattos 
Dc-’ijn  (CFD). 

Cxuausn  Cyunoes  oa  Srumta.  Vaad  to  equipment  for 
racaaunng  maximum  preaBUisa  to  guns  or  undi&r.vxter.  Tbs 
enuhrr,  usually  rnado  of  eopper,  is  planed  in  •  o;.-iimfer  Le 
ountact  with  a  ;-vtan  tliat  I*  exposed  oo  ita  other  dds  to 
tha  procure  being  measured.  Tbs  amount  of  eompasadon 
given  to  tlx  enuher  ia  used  as  a  measure  cf  tbs  preacura 
acting,  acootdtog  to  a  calibration  previously  os 

aimlisr  spooinKBa 

Cos-Con*  1‘VAorjR*  (of  tensile  specimen).  After  fracture, 
oiw  aido  oi  the  break  re«mblea  a  tup  with  flat  bottom  and 
divuroing  side*.  Tbe  other  part  of  the  break,  which  fitn  lute 
the  first,  if  o  truncated  coon.  Mura  complicated  breaks 
can  occur. 

C/VV.  Cbargc/walght  ratio. 

C-2.  DcJjcnatioa  of  the  dcocosillxer  to  HEX  explos'/e. 

Dux.'.arTuua.  A  suULauoe  which  is  added  to  an  axplodve  to 
rust*  it  |e*«  sensitive  to  catooatios. 

Detonation.  T be  extremely  mphl  cheodcal  rcaetlou  which 
occur*  to  ilia  eiplono-’i  of  high  explordvoa.  Dciarutlou  fa 
characterised  by  its  propagation  through  the  mas*  c! 
emlosivts  u  a  wavo,  by  iU  grest  Telocity,  by  the  fact  took 
it  v.  Q  be  initiated  by  a  a  hock  or  blow,  and  by  'Jvs  extnuaeiy 
high  pressures  developed. 

Derrs. IATIQN  Vi'ix^rrr.  The  rats  at  wJJoh  tie*  •Iccompocitios 
sons  or  front  travula  through  u«  uplcuive  after  it  la  detonated. 

Dirt  ouxa.  In  muaals  links  nod  bluet  dvfloctois,  to  wxiendor, 
to  the  mu  Axle  or  to  a  bailie  orifice  that  purmiu  the  gaa  to 
expand  and  direct*  it  to-sards  the  bafilo  aindaea. 

D:ryu»oa.  In  a  aupcraonlo  wind  tunnel,  the  diverging  park 
of  the  tunnel  downatruam  from  tha  working  soetkas. 
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suffers  as  slungr  b  s»t:opy.  Reversible  adiabatic  tow. 
Jicm.  Tbs  soil  statarial  eosepletely  surrottadinff  •  bid 


CTMH  David  Tnylcr  Modal  Basin  (IT.  &  Nary,  P^fttss  d 

n^aiKJ.'Ji.  Tt*  proparty  of  •  maSnrial  whereby  •  etonsfing- 
unstrcssing  cycle  lava  no  permanent  deformation.  Tba 
laiat'on  betw-ssn  stress  and  rtnLa  during  tbs  cycle  is  usually 
linear.  Slss  Plnsbaly. 

URL.  Expilosivss  Bnssnwh  laboratory,  Bnuetoa,  Pcansyl* 
vanir.  (division  8,  NDRC), 
tf aus-11  miuxx  van  Plat*.  Sard  surface.  salt  task. 

Futur  alum*  imnuuma  Muzzle  nUoehmeme  ccmpa- 
cable  iiu  aias  sad  weight  to  tasting  aiviit  bmkee.8ooh 
LUachnuents  may  U  uasd  u  field  modMcattont  on  giuw 
pteoaieui  to  take  s  musses  brake. 

Ptisan  C*r.AU<m.  An  explod  v«  surrounded  by  s  very  i>An  layer 
si  argom  gas.  On  detonation,  an  InUoa.  flash  si  light  about 
t  bi  duration  it  emitted. 

Flow  Sr.upss  (jj*i).  That  part  of  tbs  tw^fawilnal  strsae  in  a 
tennis  io)»<aiata  that  is  produced  by  tba  tensile  force, 
cot.-ectcid  for  the  effect  of  tbs  non  cylindrical  shape  of  tbs 
nook  (id  any}.  Thorefons,  this  does  not  include  tin  elms 
produced  by  any  umultanaously  acting  hydrostatic  pressure. 
Fount  no  &Ikiet  Fnoncraa.  A  projcotiic  for  use  in  a  Uf  ared 
boro  guns. 

Funs  Aia.  A  region  in  tba  air  well  removed  from  obstacle?, 
tbs  gpniiind,  and  other  reflecting  or  absorbing  surfarae 
or  objanua. 

Fen  Purrs.  An  idealised  (date  target  which  is  free  to  buoy* 
without  .restraint  when  acted  as  by  an  impulsive  tores. 

Fju  Svruraw.  Tbs  surface  of  the  sea,  Ls.,  tbs  water-air 
interfacm. 

Oas  fletnrez,  Gas  Gloss.  Tbs  confined  mws  cf  gaseous 
prud'ula  resulting  from  an  undent  nter  explosion. 

Gallon  Lenot*.  In  a  tensile  specimen,  tin  length  between 
tbu  point tt  to  which  is  attached  tin  gauge  that  measures  ibr 
extension).  In  the  hydrostatic  pres*  ire  work  (Chapter  Id), 
the  le.ufillt  of  the  uniform  part  of  tbs  span  men,  between 
ehcuklan*. 

OP.  Gcnerrul  purpose. 

OauAonnrr-Tvrx  Tximxa  Mac-wxn.  A  dcvtoi  constructed 
at  the  California  Institute  of  Technology  for  testing  miteri- 
ale  at  iiupfc  speeds.  It  ConeisU  of  a  pair  of  guide- rails  between 
which  uiuka  the  hammer.  The  hammer  is  attached  to  tl* 
lieae  of  ~i«*  irechlne  by  heavy  ruhh»-.-  stripe.  A  winch  raize* 
the  hunum-r  (gainst  the  tension  of  the  rubber  stripe, 
lianowun.  Resist ano.-  •<>  distort**.  SupeiScial  Uatdcen*  ia 
surface  lunrdrres  as  measured  by  the  lirWll  sr  an  equivalent 
lathed.  Ha*  else  fcHN. 

HBX.  Z^yerasiti.'ud  Tocpex. 

KC.  High  xcpicity. 

CCR3.  C«s<cnAtioo  fo--  a  type  of  plastic  ptitseth*  effective 
sgainrt  uiuijwd  charye  (Chapter  ifl). 

UK  iUgh-tiplori/e  ehsfl. 

HiinT.  Lu:Ji-evp>aiivs  antitank  sbefl. 

Hjuu  C.:.-".oMvm.  A  vstntaacs  in  which  sudden  chemical 
deiooip.iuiilon  may  Ls  initiated  by  mesne  of  beat,  friction, 
shock*,  ;und  blows  characterized  by  detonation;  confinement 
is  not  'uretjjary  to  tbs  very  rapid  rrianse  o I  energy  ia 
dotoeatum. 

H.M.V/5..IE.  His  Majesty's  Anti-Submarine  Kxperitocnlal 
fcitihlR."'ieut  at  Peirlaa. 

Houoca.ii.  ira  Plats.  Uniform  hardnesr  throughout. 

HU.  Harrrurd  University. 

HVAP.  ciito- velocity  enaor-pfore.-tg  pfojeetil*. 

UvnuovTA  -tc  Panaaoas  (pei).  A  pressure  uniform  In  all 
directu.au..  as  U  produood  on  n  body  iiumcfrsd  iu  »  Told 
under  pirrxuire. 

l!m:avzL.'.iaTT.  Velocity  in  excess  of  3,000  It  per  are. 

Ins smarm.  Koncnaduclivs  flow  in  which  a  fluid  steriumt 


wmor-pisrang  core. 

Jkt  (from  ttu  muz  tic  of  a  gun).  The  musals  blast  exclusive 
of  the  c*r  shock. 

Jar  SxrsitanoM.  The  eeparatioa  cf  n  Jet  from  the  walls  of  n 
diffuser  when  the  forward  in  crcua  in  section  of  tbs  (Sffumr 
is  too  abrupt.  Between  the  asperated  jet  and  tbs  flhTuxw  tbs 
medium  is  ctcgnaat  and  highly  turbulent. 

LC.  light  atm. 

Ldun  Ratoa.  The  ratio  of  the  “lead*,"  in  degrees,  uesenmry 
for  tbs  gunner  to  obtain  hits  oa  the  fighter  En  training  ‘In 
ins  leads  neeaeaa ry  in  combat,  the  fighter  being  at  lbs  mme 
point  relative  to  the  houtbar  lor  both  re  see 
Lnraap  Dusaoc.  The  to  n  venal  sufikieat  to  sink  It 

sr  iwt.  It  cut  of  setioa. 

Liurr  Extra  r.  The  least  energy  required  to  perforata  a  plats. 
Lkctt  VnLccrrr.  The  minimum  s.rUang  velocity  required  for 
perforation  witl<  arro  remaining  velocity  (Mavy  limit). 

Lrxn  Cuancs.  A  charge,  r. os  of  whom  dimensions  is  muck 
greater  than  the  other  two. 

Lsnzx  (of  shaped  charge).  /.  conical,  hemispherical,  nr  other 
shaped  piece  of  metal  or  riass  whoa*  ooovsJt  (ecu  ia  backed 
by  an  explosive. 

Low  Exrcoam:  (propellent).  A  subotanoe  which,  ooco  ignited, 
bums  rapidly  without  access  to  air,  producing  gams  haring 
temperature  and  pressure  depending  upon  soofinomeat. 
Without  ccftftameat,  the  bti/ning  of  low  exj- jsires  is  slow 
and  quiet.  The  burning  procecda  flue  the  outer  aurfaom 
of  the  gram  Inward. 

ISxcm  Nnuaxn.  Applies  to  eupcmnlc  flow  of  a  gaa.  It  is  the 
ratio  of  ths  velocity  of  the  gas  (or  of  a  body  moving  through 
it)  to  the  food  velocity  of  •cund.  Ass  Supcrtonio  VelocUy. 
Macs  3,tx.  Ths  rir.g*e  shock  wave  which,  under  She  proper 
eunzfliiooa,  it  produced  by  ths  reflection  of  a  shuck  wavs 
from  a  auric  os,  or  by  ths  interaction  o *  two  shook  wave*. 
The  incident  and  rtfieefed  shock  w»wa  era  ms’iased  iu 
ths  Mcoh  stem. 

MAE  Mean  ares  of  effsetivausm. 

MC.  Medium  cipsdty. 

mnL.  MaiyLud  Rcwlarch  Lahncatory  (Divicko  1C,  NDRC). 
Mouu  Glow.  A  glowing  of  tbv  gas  near  tba  nuuii  often 
obcaivcd  sons  tJut  «l:ot  ejociian.  This  glow  is  due  not  to 
burning  hut  to  chemical  chacyyo  taking  place  in  the  powder 
gas  ccnpcsilion  nod.  pctha[o,  to  the  incandescence  of  un- 
burned  powder  particles. 

N  AVORD.  U.  8.  Navy,  Bureau  oi  Oidnsnea. 

NDRC.  National  Deftus  Rcxaidt  Committoa 
N  tux  wo  (of  tomila  tneeimen).  During  a  xendle  tart  of  s 
due  tile  material,  the  load  first  litcraasos,  reaches  a  maximum, 
then  decrease*.  Durira  tlio  first  stv;«,  the  epocimev  remains 
cylindrical.  At  ths  imUct  of  ma  rimum  toad,  a.  neck  or 
local  .•outraelicn  first  appears;  this  becomes  mom  pro¬ 
nounced  during  the  rcraeindcr  of  the  test. 

Nsaativs  rnaaa  (suction).  Tbs  part  of  ths  ebook  warn  in 
which  the  prussttru  is  less  than  atmospherin. 

NO  Nitrsclyoeria. 

NOL.  Naval  Ordnance  laboratory. 

Nokual  8tiocx.  A  stxt.oiury  shock,  tba  front  of  which  is 
pc.-pcndio.-tar  to  tbs  rtrvtndinoa. 

Noiro*.  In  c  strpc,w>niv  wind  tunnel,  the  converging  part  of 
the  tuunei  just  up  .rsam  from  ths  wnrkiag  section. 
OnuqtTB  Shock.  A  kU  lRmary  shock,  ths  front  of  which  makes 
ar  ingle,  other  than  s  rich"  ancle,  with  the  struuniinea. 
ik  ill-xulm*.  The  pe.-m.-nent  record  of  the  path  of  lbs 
cathode-ray  beam  ou  the  Ouorucoiti  scraan  of  s  ca  inode -ray 
tuba.  Usually,  a  photographic  rtoorii 
G8UD.  Oflicc  o i  Scisnuhe  Research  and  Deveiopmssk 
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Oxtobm  BaLaxca.  Coo  plate  tajnu  balance  requires  that 
enough  cxygtsc  be  combined  Sa  the  ongiW  explosive  ao  that 
oe  iktonaito  every  element  scch  as  carbon,  nitrogen,  and 
hydrogen  will  be  completely  oc  j'.-erteo  to  ha  respect) v*  oxide. 
Pajmcta  Vuuxm,  Mam  Vniocrrr.  The  velocity  cf  the 
matter  la  a  shock  wave.  Usually  referred  to  the  matter 
ahead  o f  tho  wave  a>  etafona/y. 

Plus  PiuusmuL  The  preemne  to  the  Initial  part  of  a  shook 
wave.  It  la  usually,  bat  not  a\»*ye,  the  higheat  prepare  h* 
the  warn 

PEW,  Fontnerythrital  titnalbet* 

PmuoxLCcma.  Tiw  property,  exhibi'ed  by  eertaln  crystals,  of 
generating  ac  electric  chant  when  subjected  to  pressor*. 
Pmxonunonuctrv.  The  electric  charge  produced  on  the  (aeee 
of  some  crystals  when  they  are  strained  (by  the  action  of 
applied  pressure). 

Pu  va  Cn/  iram.  A  tiurje,  two  of  whose  dimension*  are  much 
greater  than  the  third. 

PiIotkj  Axuroa,  Plastic  Pnononox.  The  eombiuatioa  of 
(revel  or  crushed  stone  with  pitch  or  kitutnisMU  hinder  and 
a  filler  euob  at  limestone  dust  or  wcsid  flour. 

PLAmrtcrrr.  Tho  property  o f  a  material  whereby  a  stresilng- 
unsUwcMn(  <ycle  leave*  a  permanent  deformation.  8m 
KLuttoity. 

PLC.  Projected  Ho#  charge. 

Plums.  The  lrreg-ilei  masses  of  water  and  burnt  gnwa 
projected  into  the  air  after  a  shallow  underwater  sapUelsa. 
Posmva  Donation.  The  Urns  during  which  the  praaurc  In  a 
shodt  wave  is  greats'  than  that  of  thr  atmosphere. 

Tourrm  hu-vnaa.  The  integral  J^’pdl ,  whan  p  in  tbs  preserve 
st  the  tuna  t  and  U  is  the  positive  duration  of  the  wave, 
measured  from  the  wo  of  time  of  the  arrival  of  the  sbork 
wave  at  e  gauge;  hence,  the  arcs  under  the  positive  pressure 
'  part  of  the  preraura-Uroe  curve;  lienee,  the  average  prcusu.u 
ui  thie  lime,  times  the  positive  duralto. 

Poserivn  Puass.  The  part  of  the  shook  wave  whose  present* 
is  greater  than  diet  of  the  atmosphere. 

Fauitr  K  ginwing  that  occurs  in  the  blsh-Umpsro. 

lure  region  behind  the  norrr.ul  stationary  shock  which 
Umdaataa  tho  buttle.  This  glow  ie  due  not  to  burning  but 
to  a  mufnptioa  of  the  action  which  produces  muiri*  glow 
soil  which  Is  inhibited  when  tha  ipuoa  eater  the  relatively 
cold  bottle. 

PluilKaa.  Sensitive  high  explosive*  which  an  easily  detonated 
by  lient,  Mellon,  or  shock;  used  to  initiate  other,  fees 
tcctiUva  high  explosive*. 

Paji.ciruA  <rr  Mnirrmm.  A  law  describing  how  the  s husk. 

wave  parameters  scale. 

PnorciLAVT.  £iu  Low  Explosive. 

Fmuiiir  Cemv*.  An  idcalitcd  path  In  epee*,  relative  V*  a 
bomber,  vriiich  a  fighter  tray  fly  in  order  tc  obtain  ooliourd 
"hi!*"  on  the  bomber.  Tho  p.a*ii  may  he  calculated  if  certain 
tSAUovitio.ve  are  inst'c  rcyinliog  the  horaL.‘r  sud  fighter 
vanity,  the  velocity  of  the  eater's  bullets,  end  the  aero- 
dynamic  br'avior  of  the  or  along  the  path. 

PUS.  Princeton  University  button  Division  3,  NDRO. 
Jrsreor.fcBcr<ircrrr.  The  etccMe  etargo  produaud  on  the  ticn 
of  scum  crystal*  wl.cn  they  era  strained  (by  application 
of  hunt). 

*Tlat>"  Basis.  The  “rad”  may  be  defined  as  the  aw.le  subtended 
st  the  eye  of  tho  gutuiar  by  its  iv-.dius  of  the  tit";  in  a  fixed- 
ring  typo  sight.  In  tuml  optical  ri/jiU  tho  vtiuo  of  thr  "rad" 
in  <irttu*  depends  o<dy  oo  tie  citoiee  of  ring  elm  «ino*  ina 
ring  image  ie  focused  at  infinity, 

TU  Air  act  to*  Wave.  In  oompraxibla  flow,  n  region  of  low 
preecure  advancing  into  one  of  high  pressure.  The  transi- 
ti-r.  between  the  pressure  leveb  ie  gradual  in  wirva  cf 
rmfaotto. 


Ram  or  Straw  Erracr.  The  rate  at  whieh  a  metal  is  tk&caad 
alter*  Itn  strength  eharaoterietkn. 

RDX.  Cyctoito  (tycfotrimeUiytaBetrinltraniim^. 

RE.  Ministry  d  Home  Security,  Research  and  Experiment) 
Department 

Rxcou,  Exnaov.  The  kina  tic  energy  of  free  roooQ.  It  is  tha 
ktotie  *nc.xf  the  gun  tube  and  recoiling  parte  would  have 
at  Ute  time  the  gun  empties,  if  the  motto  were  no.  Impeded 
by  the  acvtoc.  the  recoil  tasohanlsai  and  friction  on  the  tied. 
Rnamvai.  Jar.  The  fraction  of  tha  muasla  blest  that  goes 
through  the  forward  bole  of  a  uuissie  brake  o*  blast  defleetot. 
Harr  Potirzoir  (cf  tbs  bubble).  A  depth  at  which  no  migration 
of  the  gas  bubble  occurs  because  tho  buoyancy  of  the  bubble 
.is  suunierbslaicsd  by  a  (me  surface  repulsion  or  a  rigid 
surface  attraction. 

Hmatcar.  Axous.  In  nuilo  bcakot  and  blast  deflector*,  lias 
angle  in  excess  of  00  degrees  from  the  ban  axis  At  which  & 
baffle  plate  is  tat  atirrs  tod. 

0  (rho).  Symbol  used  for  density  or  mass  per  unit  voiunM 
of  n  material,  and  equal  to  sreight  par  unit  velum*  divided 
by  f,  the  acceleration  of  gravity. 

Rotamt  Imvact  Mach  in  a.  A  machine  for  tuvtlng  ms  tc  rials 
at  high  ipeeds,  usually  used  la  toneto  or  oorupuMsto.  It 
consists  of  a  heavy  wheel  whoa  spcod  can  bo  varied,  a 
dynasMtaster  whoae  functions  are  to  hold  ouo  end  cf  the 
specimen  during  the  tost  and  to  lueasure  the  force  on  It, 
and  a  device  b  the  whaal  to  ho  thnwt  out  at  the  proper  time 
to  brisk  or  compress  the  specimen. 

RRL.  Rosd  Research  Laboratoty,  bigiand. 

P.urrtrKt  VcLOcrrr.  The  velocity  at  which  a  projcotOo  auXCata 
initial  failure. 

Raaor.  The  carrier  for  a  eubcelibat  projectile,  DtscafoU  on 
leaving  gun. 

SAP.  Semi  enuor-piereiog. 

SBX.  Slow-burning  explosive. 

8cau  Errccc.  Foe  projuctitec  of  a  similar  shape  and  plates 
of  a  given  caliber  thicknoM,  the  specific  limit  energy 
decreases  crith  increase  in  projectile  rx xo. 

Scausa  Laws.  The  law*  to  which  tho  Unnar  di/nonuous  of  an 
sxplcrivo  charge  or  a  toiget  structure  oiust  conform  In 
dian^ing  from  the  full  scale  to  some  emeL’cr  cede. 
ScuuKtuta  OiTicau  SrxrxR  A  means  of  >icU'nr;ning  photo. 
grspLioally  the  vavto  J  drcaity  and  preoturv  in  a  moving 
gaa.  h  depebde  on  the  fact  that  the  refraction  coefficient 
of  a  gas  ie  a  function  of  the  density. 
oEco;.o*aT  Flaam.  The  burniug  of  the  powder  glare  mixed 
moth  air  which  occurs  lu  tho  turbulent  shc'Jl  •u.'rouoiVag  tha 
bottle.  Sceon-lvy  Hath  is  the  principal  Cich  _amcnt  ka 
medium-  and  Is.'i^-ualiber  guns. 

Re  corn  Ccnckatouo.  The  sduyo  unit  used  to  the  "driver" 
pouitior  for  romoto  control  ri  a novLv:  eyst sssu 
final  res  Kmcaot.  The  energy  or  a  projectile  having  a  velocity 
<M|u»l  to  shatter  velocity 

iliums  Oar.  When  ]>crforatto  out  bo  obiaierd  at  velocities 
above  and  U-tnw  but  not  within  a  oerfoin  interval,  the 
iiitcn-sl  is  coiled  a  •hatter  gap. 

BiATTT.a  Vr.uocrrr.  As  a  velocity  U  tncrca-’^d  above  thii 
critical  value,  them  is  a  sudden  chnrigu  in  chuacter  of  bole 
i.ocde  in  plate  and  us'irJly  cn  abrupt  inotaao  in  the  energy 
requited  for  perfuir.tlon. 

Puicyx  A  pctvuira  discontinuity  in  a  ocuptt  vultto  fluid.  A 
n'.iuck  Always  iulvivn.  es  into  the  'ouMirusiure  metHurn. 
Shocc  Wayt.  A  rcgi.v*  of  onmrrjrion,  pro;..vj»U>d  Hirou^h 
thu  medium  (g*s,  liquid,  or  solid)  in  tha  front  of  which  tha 
pressure  rise  is  si.uuut  iofioit.-ly  strep. 

8-ioot.  Wavz.  In  gas,  a  wave  of  iocre.vtng  procure  chnroet». 
lied  by  its  very  abrupt  risa.  Norntally  uf  finite  intensity 
(rot  infinitovinol). 
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Bxnrruto  Pun.  A  thla  piste  spaoed  a  considerable  diste&es 
(a  Iron*  of  th*  mala  protective  mot 

Suomi  Him  a.  A  vortex,  usually  turbulaut,  which  b  produced 
And  of  an  orifice  through  which  a  J«t  suddenly  emerges. 
A  turbulent  smoke  Hag  is  always  associated  with  the  firing 
of  a  gun. 

800.  StauoH&d  00  and  Gas  Company,  Tulsa,  Oklahoma. 

hncuto  Loot  Enemy.  WVt/d*,  where  W  b  projectila 
wwfht,  y,  Steal*  wkwity  and  i  projectile  diameter. 

Amuut  Wave.  A  wave  originating  from  a  point  course  os 
tphnfeeBv  shaped  source  whose  boot,  an  It  propagates 
through  the  saedhay  b  the  euricce  of  a  sphere. 

Briar  Don.  The  oooe  shspel  spray  of  water  appearing  at 
the  eutfaoe  immediately  alter  a  a!  .allow  underwater  explosion. 

831  BdantiAe  Section,  Mine  Design  Deportment  of  Admiralty  . 

Stabiutt.  In  projectiles,  rets  tire  freedom  from  a  tendency 
to  tumble  or  waver  ia  ffigU. 

8tA.tR>  On.  The  dietenoe  separating  target  and  shaped  durga 
at  the  Instant  of  detonation. 

&vatwnjjit  Seoca.  A  sltock  that  does  oci  move  with  respect 
to  the  observer.  The  low-pressure  medium  Cone  into 
the  shook. 

SntAiw,  ExoiNaxaiNO.  In  the  ierndle  or  oompreseive  test  tide 
b  equal  to  the  change  of  length  of  a  short  element  divided 
by  the  engine!  length  of  that  element.  St*  Q  train,  Natural. 

Srsaut-Haaaxs-uro.  A  property  of  certain  materisb,  oiprcially 
metals,  by  which  soy  deformation  results  ia  Ir pressed 
resbtance  to  further  deformation. 

itraaiK,  Maionau  This  is  defined  by  the  statement  that  an 
increment  of  natural  strain  equals  the  coma ponding  Incre¬ 
ment  of  change  of  length  of  n  short  element  divided  by  the 
actual  teagih  of  that  element  (not  Its  original  length),  ('or 
email  strains,  nature!  strain  and  engineering  strain  (g-e.) 
are  equal,  but  not  far  Urge  strains.  Thus 

i •  a»d  w  •  log«(i  +  O, 
s  -r  a> 

where  »  —  nnturoi  strain  and  e  *  engineering  strain.  In 
simple  tontlon  or  oompreetion 

i 

wlorc  Ac  is  the  Initial  sectional  sees  of  the  specimen  and 
A  is  the  area  at  tho  inztant  ruder  consideration. 

Siccus,  Elvoitnueuviu.  Also  celled  nominal  or  apparent  etret*. 
In  a  tenrile  or  oompresslve  test  this  is  the  force  at  any 
iotevut  divided  by  tho  original  sectional  area  of  tlie  specimen. 
St*  Stress,  True. 

Srarsa,  Tacra.  In  tho  letuilo  or  compressive  teat  this  Is  the 
force  at  any  instant  divided  by  the  sectional  area  uf  the 
r.pccimtn  at  that  iiutaut  After  necking  In  tiie  teualo  test, 
the  nock  are*  Is  ured.  Su  Stress,  EnjcUeerire. 

Beacatit  nm  farovcrti  js.  A  projectile  having  a  diameter  smaller 
than  that  of  the  gun. 

SorsnnoMC  Yepocrro.  The  velocity,  either  of  a  gas  past  a 
fixed  object,  or  of  a  body  through  a  got  at  rest,  exceeding 
the  local  velocity  of  sound  in  the  gas. 


8W.  Interdepartmental  Coordinating  Committee  on  Shook 
Waves,  Ministry  of  Homo  Security. 

SncrtTurto  Dnoiutxott.  The  detonation  of  an  expWvw 
by  the  impact,  of  a  nearby  explosion. 

Taro  (of  an  underwater  ebook  wave).  The  later  lovr-premura, 
slowly  decaying  portion  of  an  underwater  shock  wave. 

T anoint  Ooiv*.  A  term  describing  a  particular  type  of  none 
shape.  The  contour  of  the  now  is  the  arc  of  a  circle  which 
(a  tangent  to  the  body  at  the  point  of  Juncture. 

trxMi)  SraiNOTK  (pci).  In  the  standard  tenaCe  test  oC  & 
material,  this  Is  the  maximum  load  during  tho  entire  teet 
divided  by  the  croea-ecctioual  area  of  the  tpocimea.  M  the 
original  uroae-wctlcnsl  area  ie  used,  the  strength  obtained 
ie  that  normally  specified  in  engineering  rietljjn  era  b 
called  engineering  or  uopcrml  slrmjtk  If  the  actuoi  arose- 
sectional  area  (reduced  from  the  original  by  extensfau)  b 
used,  the  value  obtained  V*  called  tho  tv*  rtonptk. 

Tnuiuut  lUnafaCnoN.  The  rarefaction  that  follow*  the  gun 
blaxt  caused  by  the  over-emptying  of  the  giro 

THEiuiCksrrriNa.  Having  the  property  of  enquiring  strength 
whan  heated,  usually  under  high  pressure. 

True  Constant  (of  an  underwater  shock  wav,).  The  time 
required  for  the  preeeurr  in  an  underwater  shock  wave  to 
tell  to  1/2.718  cf  its  peak  valuu. 

TM.  Technical  memorandum. 

TNT.  Trinitrotolusoa 

TivoxiNQ  Ran  Ratio.  The  ratio,  at  the  tame  sight  point, 
relative  to  the  bomber,  uf  the  angular  rate  of  tracking  of  a 
fighter  by  a  bomber  gunner  in  training  to  the  angular  rate 
of  tracking  nooeasavY  la  ■xu.-bot. 

Toaxsixnt  irr.  A  Jet  in  which  the  flow  is  vtriable  In  time  but 
not  periodic,  such  ae  the  Jet  from  the  musile  of  a  gun. 

Tsavsunu  8uocx.  A  shock  that  movos  with  roepect  to  Uta 
observe.,  such  at  a  shock  advancing  into  still  sir. 

Taivui  Point.  'Die  Junction  of  three  ihock  waves:  Incident, 
reflected,  and  Mach. 

ToNoancN  Caamna.  Abbreviation  for  cemented  or  sintered 
tungsten  carbide.  A  produot  of  powder  metallurgy  which 
is  coiup^ced  of  extremely  smell  tungsten  carbide  particle* 
held  togother  by  a  binder  ouch  as  cobalt,  iron,  or  nickel. 
It  it  characterised  by  high  density,  high  hardness,  end 
low  tronevarve  ropturo  strength. 

Toait'UiNCU.  The  how  of  a  viscous  fluid  chvaoterisud  by  the 
existence  of  small  eddies,  usually  with  stitngtlia  and  direc¬ 
tions  distributer!  at  rendo/o. 

ITU.  Underwater  Kxplodlons:  Series  of  Interim  Reports  issued 
by  the  Underwater  Explosive*  Research  laboratory  at 
Woods  Hole. 

UERL.  Underwater  Explosives  Iteseercb  Lahoretuiy,  Woods 
Hole  Oceanographic  Institution,  Woods  Hole,  Maaaauhu- 
setts  (Division  2,  NDRO). 

Unoix.  Under  series  of  reports  issue  ti  by  the  Admiralty 
Uadex  Works,  Roqrth. 

VT.  Variable  thna 

WA.  Wcul  by  air. 

WriOI.  Woods  Hole  Ooenaographlc  Institution,  Woods  Unis, 
Massachusetts. 

WoaxxNO  tiucrtoH  (of  wind  lineal).  The  test  oettica  in  which 
the  model  ia  held. 
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Chapter  I 

Are*  of  (>i»ioo  of  ball  crual^er  gang*. 

Initial  radios  of  *  spherical  charge. 
Pro*.nr*k,£,ality  constant  (mo  bectioa  l.ft  a). 
Velocity  of  &o>rad  la  « c*  water. 

Depth  of  aharga. 

Dkmtter  of  surface  rprajr  tfon»  6m*. 

Energy  flux  oorreryonding  to  tU  integral 

Ware  of  natural  logarithm,  or  3.718, 

Unspecified  (uncUom  of  tb*  variable  Wl/IL 
Depth  of  gauge  below  tb«  surfaoe. 

Height  of  the  apray  dome  above  the  surface. 
Dhock  wave  Impulse  (or  momentum}  per  uuit  a.'**. 
WroportlooA'lty  constant  (tee  Section  lJli). 

, Boling  factor. 

Maw. 

Peak  pressure  lu  the  ebook  wave. 

Prexun  in  undisturbed  medium  ahead  of  the 
shock  wave. 

Pressure  at  a  time  t  behind  the  shock  freak 
Distent*,  from  charts. 

Central  identification  of  aircular  atari.  diaphragm. 
IViod  cl  tho  gas  bubble  serillatioa. 

Tune. 

Propagation  velocity  of  the  shoe*  wave. 

PerUoie  velocity  o f  the  water. 

Velocity  of  rise  of  the  surface  spray  dome. 
Velocity  of  target  pUte  under  explosive  loadia. 
Charge  weight. 

Displacement  of  piston  of  Halt  .mkw  gauge. 
Iwptii  of  .iharge,  D  +  33  f  C 
Fuoe  constant. 

Donrity  of  sea  water. 

Obock-wave  preacurs  decay  constant,  or  tine 


Chapter  2 

C  Chart*. 

C*  Image  charge. 

Os.  s,  s'  Velocity  of  sound  In  frout  of  Incident  shock,  behind 
incident  chock,  and  h^Mnd  reflected  t, 
respectively. 

i  aiUKc-to-ohiwe*  duteous  i licirrred  horiaoateUy. 

d*  DUUjms  oo  (pound  sorreapoading  to 

B  Change  in  onergy  content  of  the  gas  aa  it  jrosoos 

the  shock  front. 

/,  ¥,  d  ilntpecifted  function  of  the  variable  r/if  1  cor- 
reepotvUfag  to  P,  l,  etc.,  rcajwctireiy. 
ha  Height  of  charge. 

A.  Height  of  gauge. 

H  Total  energy  liberated  by  an  exploring 

jT  Incident  wave  /,.  /«  •  •  /„  In  sucensive  staged. 

0  /)  Positive  impulse,  priwes. 

Scaling  foster. 

Path  of  triple  point  in  M«*ti  reflection. 

Mach  shock. 

Weight  of  cans, 

*i.  p»  IVal  pressure  (gauge). 

Almci-iborie  pressure  (»0)  (gauge) 
h  r’  Preaaures  (acMiuto)  in  unriistiubed  medium,  in 
incident  wave,  aid  in  reflected  wave,  r«repecU«ely. 
!«««•■ *  in  pressure  in  endreed  rooma. 

Incident  peak  pressure  (gu.«j;e}. 

Reflected  peak  pressure  (gauge). 


Pm  Mach  pea?:  preawnr  (gauge). 

*  Charge/weight  ratio  (C/W,  WfW„  or  W/(U+  W). 

R  Reflected  wave  Ui,  S,  •  •  R„,  suooeasive  stages, 

r  Radlid  dtsUnoe,  gauge  to  charge,  if  their  height* 

are  diffortai. 

B  Ptano-rstleetLvt  wsriaon, 

8  Suction  chare  or  negttiva  phase. 

8  fillpttraein. 

T  TWpIa  point 

I  Time. 

L  Crew  in'!  time  or  positive  duration, 

la  RaSectioo  Uarw. 

(/,  U'  Velocity  of  shock  front  propagation  <d  Incident 
and  reflected  shocks,  reep.ee lively. 

»s*  W  *»'  Partid*  \  clod  ties  in  vwdUturbed  modi  am.  In  knet* 
dent  shook,  and  behind  reflected  ebook,  ie> 
apectivdy. 

V  Volume  of  enclosed  room. 

5v  WalL 

IP,  JPi,  IPj  Wrights  of  chargo  (5b)  for  point  chargee;  weights 
of  charge  per  foot  (ib/ft)  for  line  charge*. 

IP*"  Bare  ehargt  weight  equivalent  to  cased  charge. 

Wt  Total  weight  of  charge  and  ita  '•«»* 

V  Height  of  Mach  rletn. 

s,  a  Directions  of  air  flow  in  reflection  systems. 

«  Angle  at  which  Incident  shock  wave  meets  wall,  w 

nnglo  between  tangent  to  shook  and  line  parallel 
•  to  watt. 

V  Aegis  at  which  reflected  shock  meets  wall. 

Suuum  Limiting  anglt  of  regular  refleetiou. 

a»  Angie  of  incidence  for  which  <’  has  the  value  for 

head-on  redaction. 

or  me  Arglc  of  Utidaice  for  which  tj  li  u  minimum. 

t  Ratio  of  spocifle  beats  at  constant  pressure  and 

volume  (y  “  1.40  for  aL  at  moderate  temper- 

atumah 

V  p'/p,  oompresslon  ratio  In  reflected  shook. 

i  Hi  Vi  inverse  oi  eon?  preasion  ratiu  in  ladder  t  shook, 

as,  h  p'  Densities  in  front  of  incident  shock,  behind  incident 

shock,  a cd  behind  reflected  shock,  reepee  lively, 

♦  Argie  determined  by  the  trip)*  point  T,  the  point 

on  the  wall  at  which  the  triple  point  leaves  the 
wall  da,  oiad  the  wall  W.  The  half -angle  of  the 
Mach  Y. 

Gaptcr  d 

A  Scale  factm  (geaevsl). 

s  Aitfi-reliw;  also  thickoau  of  front  wail  of  under* 

groutui  stricture  (b»). 

%  Aoccleration  in  unite  of  0  (gravity) [equation  ()fl)}. 

3  Numerical  eonstant  asocciated  with  particle  veloo- 

ity  and  of  order  0.7  [aquation  (10)]. 

0  Depth  factor  for  entering, 

e  Total  creek  width  in  frost  (sow  of  target  (tru) 

[equations  (2S)  and  (38)]. 

D  Disp'aesmtai  (ft)  Ceqnations  (17),  (18),  (18),  (30.', 

Wwj* 

l  D-oth  of  charge  in  aar'b  (ft);  also,  diameter  <* 

reinforcing  bare  in  suuoture  (in), 
if  Energy;  also,  asplorlve  (actor  for  peak  pressure 

(Tshtes  4,  9,  and  10). 

S'  Ytrplcrjv*  (actor  for  impulse  (Tables  8, 8,  and  10). 

3*  Exploai vs  factor  (or  cratering  (TcUos  8, 9,  and  10). 

&  Futoe;  alto,  coupling  fc.rV'.r  for  ptak  preeaure  and 

ImpulM  [equatiorw  (3)  and  (fl)J. 
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TV  acceleration  of  gravity,  384  In./sec9- 
Vertical  dimenskm  of  target  waQ  G*.>.  * 

(ednerlpt)  Hortsootai.  , 

impulse  per  unit  area,  usually  In  free  earth  ypn-aec)  * 
[equation*  (6),  (7),  (6')>  (VO]* 

"Total  Impulse  on  target  wall. 

{foil  constant  for  pressure  ana  for  seismic  wa vta, 
related  to  it*  and  l"  (j*0  CTsbUfi). 

SoS  oontut  for  taipuJee  “  a*»  treble  TV 

SoUeocatantforcrateriBf- < 
Length;  also,  horisontsl  dimension  of  target  wall 
>}. 

Number  cf  reinforcing  bare  that  are  stretched  by 
bending  of  target  wait 
Ai  exponent,  .  _  , 

Pressure;  In  particular,  peak  pressure  (pel)  [equa¬ 
tions  (2)  and  (3)]. 

Pressure;  usually  leas  than  peak  pressure  (pei). 
Participation  factor  for  damage  to  target  wall 
[equation  (28)).  , 

Crater  radius  L»  earth  (ft)  (equation  122))-  , 

Distant  from  charge  (ft),  ut  X;  (subscript) 

reflected.  ...  , ,  . 

Length  scale  factor;  also,  strength  factor  of  target 
[equation  (2A)].  . 

Timo;  scabbing  Umlt  thickness  of  Urget  wa^i  for 
earth-backed  contact  explosion  [equation  (27) J. 
Maximum  particle  velocity  (In./sec)  (equation  (10)j. 
Seismic  velocity  (fpe);  velocity  of  any  part  of 
pressure  wave;  (subscript)  vertical. 

Weight  of  explosive  charge  (lb). 

Maximum  center  deflection  cf  wall  of  structure  (in.). 
Strain  in  a  medium.  . 

Direr oslonleas  unit  of  distance  froti  chargo-r/fK* 
Density  of  earth,  or  weight  per  cubic  inch  divided 


by  g  in  inchee  per  second,  approximately  0.00018. 

Density  of  concrete,  in  same  units  a*  *  appro®- 
fanately  0.00022. 

Average  yielding  strength  of  reinforcing  steel  ta 
structure  (numetioally  between  ordinary  y*e»d 
strength  and  ultimate  strength),  (pei),  normslly 
of  the  order  60,000. 


Qiepter  4 

BalUstie  coefficient  for  determination  at  velocity 

de  Marre  terminal  ballistic  coefficient  employed  by 
British  Ordnance  Department. 

Energy  of  projectile. 

Energy  of  full-caliber  projectile. 

Energy  of  subcaliber  projectile. 

Projectile  diameter  (ft.) 

Ratio  of  striking  energies  of  two  projectiles  at 

rang®  g, 

Thompson  terminal  ballistic  coefficient  employed 
by  U.  8.  Navy. 

Fractional  energy  retained  at  range  x. 
do  Marts  terminal  ballistic  coefficient  employed 
by  U.  8.  Army. 

Drag  coefficient. 

Total  mass  of  projectile. 

Mas*  of  subprojectile. 

Mass  of  carrier. 

Maas  of  full-cslibcr  projectile. 

Ratio  of  diameter  of  eubprojectlle  to  that  of  gun. 
Plate  thickness  (ft). 

Limit  velocity  (fps). 

Muxxto  velocity. 

Projectile  weight  (lb).  .... 

Angle  of  incidence,  Le.,  angle  between  trajec-ory 
and  normal  to  faoo  of  plate. 
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terminal  fc:\llistic»  and  effects  of  explosions.  Dieae  reports 
contain  references  to  original  sources. 

References  4,  5,  7,  8, 9, 10, 1 1,  and  14  are  reprinted  together 
in  reference  15. 

1.  Theory  of  Probability,  with  Applications,  Ileury  ScbeM, 
OcRD  1013,  NDRC  A-224,  OKMsr-200,  Service  Projects 
CE-5,  CE-fl,  and  NO-12,  PUS,  February  1014. 

Div.  2-540-Ml 

2.  Various  rsporta  by  Array  Operations  Analysis  Sections 
sbc'ild  be  consulted.  See,  for  example,  ORS  0th  Bomber 
Cammasd,  RojKjrt  19  and  25;  OUS  Mcditemuic.no  Allied 
Air  Forces,  Report  27;  ORB  9th  Army  Air  Force, 
Report  68. 


3.  Joint  Target  Group  Memorandum  MS,  Joint  Target 
Group,  AG/AS  Intellif&Boe* 

4.  MAE'S  Calculated  from  Ashley  Walk  Trials,  OSRD 5657b, 
EWT-6b,  September  1945. 

5.  Attack  on  Open  Gun  Emplacements,  OSRD  6657a,  EVuT-Oa, 
September  1945. 

6.  Remarks  on  Fortification  Design,  Walker  Bleokney  and 
A.  IL  Taub,  Interim  Memorandum  M-10,  CFD,  No- 
tional  Research  Council,  November  1944.  Div.  2-SOO-Ml 

7.  Attack  of  Railroad j,  OSRD  604£d,  EWT-20,  May  1945. 

8.  Air  Attack  on  Bridges,  OSRD  6170),  EWT-3),  June  1945. 

9.  Attack  of  Tunnels,  OSRD  6045c,  EWT-2o,  May  1945. 

10.  Attaek  on  Earth  Slopes,  OSRD  617ei,  EWT-3i,  June  1945. 

11.  Aerial  Bombing  Attacks  against  Aerodromes — Runways 
and  Landing  Grounds,  OSRD  4918,  EWT-le,  April  1945. 

12.  Striking  Power  of  Air-Borne  Weapons,  OpNav-16-V 
A43,  Air  Intelligence  Group,  Division  of  Naval  Intelli¬ 
gence,  Office  of  the  Chief  of  Naval  Operation,  Navy 
Deportment,  July  1044. 

13.  Efetlicenest  of  U.  S.  Incendiary  and  High  Erptoeixe 
Bombs,  OSRD  6445,  NDRC  A-386. 

14.  Air  Attack  on  Steel  Mills,  OSRD  6657 d,  EWT-6d, 
September  1045. 

15.  Study  of  the  Physical  Vulnerability  of  Military  Targets  te 

Various  Typet  of  Aerial  BombordmerU,  Walker  Blcakney, 
OSRD  6444,  NDRC  A-386,  OEMar-260,  Service  Project 
AN-20,  PUS,  January  1946.  Div.  2-530-M3 


Chapter  18 

1.  Notes  on  a  Course  of  Instruction  in  Bomb  Damage,  A 
Course  Given  by  the  Ministry  of  Home  Security,  Research 
and  Experiments  Department,  Princes  Riaborough, 
England,  from  July  0,  1944,  through  Aug.  4,  1914; 
Bomb  Damage;  Prediction  and  A-’^ersmcnt,  OpNar 
16-V  A 53,  prepared  by  Air  Int-Ui^nce,  Scptcn.l*.-  1914. 

X  Weapon  Data — Firs,  Impact,  Explosion,  (formerly  Effects 
oj  Impact  und  Explosion),  continuing  looeelcaf  report  by 
Division  2,  the  final  edition  was  issued  an  OSRD  C053 
(seo  Chapter  10). 

3.  Terminal  Ballistic  and  Ex  ploshc  Effects,  JolmE.B'.'rrhsrd, 
Appendix  to  Final  Report  for  yepr  ending  Juno  30,  1513, 
CPPAB,  National  Re.oarch  Council,  Oct.  1,  1913. 

Div.  2-ICO-Ma 

4.  Theory  of  Probati'-ity,  with  Applications,  Henry  Cch:"6, 
OSRD  1918,  NDRC  A-7.2S,  OlC.Mrr.2o0,  Service  Proj¬ 
ects  CE-5,  CE-t),  and  NO-12,  PUS,  February  1044. 

Div.  2-510-M1 

5.  Fundamental  Principles  ef  Struclur<d  ARP,  John  E. 
Burchard,  CPPAB,  National  P.cacnrch  Cc  ur.cil,  1?  13. 

Div.  2-520-M6 

6.  U.  S.  Bombs  and  Fusts,  Enemy  Bombs  and  Fuser,  and 
similar  publications  of  U.S.  Nnvy  Dupoord  Sohrol  vere 
given  to  all  men  who  received  additional  training  there. 
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OSBD  APPOINTEES 
niraaiov  t 

Chiefs 

E.  Buioht  Wilson  (since  June  4, 1944) 

J.  E.  Btochabd  (up  to  J  une  4, 1944) 

Oficsn t 

H.  P.  Robertson,  Chief  Advisor 

Waltkb  Blbakney,  Deputy  Chief 

B  ton  ham  Kkllkt,  Special  Assistant  to  the  Chief 

Technical  Aide* 

B.  J.  Sluts 

M.  P.  Wbiti  * 


H.  L.  Bowman 
W.  E.  Lawson 


Members 


8.  A.  Vinobnt 


D.  P.  MaoDouoall 
J.  Von  Neumann 


Consultants 


John  B.  Abmbntbout 

C.  W.  Bab bex 
R.  A.  Beth 

F.  H.  Bounknblust. 
P.  W.  Bbidoman 
W.  T.  BniOUYMAN,  J*. 
John  S.  Bublkw 

L.  A.  BnoTuiuia 
R.  W.  CAnLeoN 

D.  S.  Clauk 
R.  H.  Cole 
P.  C.  Cboss 
C.  W.  Conns 
I;.  A.  Delsasso 
J.  W.  Dunham 
W.  M.  Fife 

P.  M.  Fyb 
N.  Gklottb 
J.  W.  Geeiq 
P.  M.  Gbobs 
R.  J.  Hansbn 

M.  E.  IIobbs 


W.  D.  Kennedy 
J.  0.  Kibkwood 
C.  W.  Lampson 
R.  R.  Mabtku 
A.  Nadax 
Stan  food  Neal 
N.  M.  Nkwmabx 

E.  M.  Puqh 
Chester  LbRoy  Post 

F.  E.  Richabt 

V.  RoJaNHKT 
A.  C.  Buqb 

W.  M.  Rust 
F.  Seitz,  Jr. 

L.  Q.  Smith 
11.  D.  Smyth 
A.  W.  Stephens 
E.  Stephens,  Js. 

A.  H.  Taub 

T.  von  KarmaV 

B.  B.  Wkathkeby 
J.  B.  Wilbub 


i Special  Representatives 
Nobman  C.  Dahl 
Roebbt  H.  Dietz 
Fbancis  B.  Smith 


•  The**  men  were  employee*  under  the  contract  but  were  Appointed  Special  Rcpreaontative*  in 
order  that  they  might  travel  to  the  European  Theater  of  Operation*  to  represent  Diviaion  2. 
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CONTRACT  NUMBERS,  CONTRACTORS,  AND  SUBJECTS  OF  CONTRACTS 


Cmtirad  NumUr 


Sam*  and  Address  of  CmUraebr 


SuSgoct 


NDCro-34 

Erinoeton  University 

Prinoeton,  New  Jersey 

Terminal  balUstlos  and  explosive  effects 

NDCro-36 

California  Institute  at  Technology 

Pasadena,  Cdlfmh 

Deal  gning,  constructing,  and  operating  a  continuously 
functioning  supersonic  wind  timnsl 

OEMsr-BT 

Cornell  University 

Ithaca,  New  York 

Theoretical  investigation  of  explosives  • 

OEMw-133 

Uni  vend  ty  of  Fmnaylvanl* 

Philadelphia,  Pennsylvania 

Rapid  rates  of  strain 

OEMsr^Ol 

Harvard  Uni  vanity 

Cambridge,  Massachusetts 

8tudy  of  plastic  properties  of  steel  under  high  pressure 

OEM*r-2l9 

Polaroid  Corporation 

Cambridge,  Massachusetts 

Development  and  testing  of  plastic  materials  for 
military  purposes 

OEMw-aeo 

Princeton  Unlvertdly 

Princeton,  New  Jeney 

Research  on  problems  of  terminal  ballistics,  penetra¬ 
tion  of  projectile*,  and  effects  of  impact  and 

ft  nation 

OEMer-818 

University  of  Illinois 

Urbane,  Illinois 

tSO  wJUWViVSi 

Impact  tests  of  concrete 

OEMsr-334 

Unlvonity  of  Pennsylvania 

Philadelphia,  Pennsylvania 

Rapid  rates  of  strain 

OEMer-348 

California  Institute  of  Technology 

Pasadena,  California 

Rapid  rates  of  strain 

OEMsM24 

Herb&ch  and  Rademaa 

639  Market  8treet 

Philadelphia,  Pennsylvania 

Construction  of  laboratory  unit 

OEMar-468 

The  Moasnchusetta  Instltuta  of  Technology 
Cambridge,  Massachusetts 

Engineering  principles  of  design  of-  fortification*  and 
other  struotures 

OEMsr-569 

Woods  Hole  Oceanographic  Institution 

Woods  Hole,  Massachusetts 

8tudy  of  characteristics  and  effects  of  explosion*  in 
air  and  underwater 

OEMer^flfl 

Stanoliud  Oil  and  Cos  Company 

Tulsa,  Oklahoma 

Construction  of  plesoclectrio  gauge*  for  study  of 
shook  wave* 

OEMsr-641 

The  Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts 

Studies  of  rapid  rates  of  (train 

OEM«r-075 

Princeton  University 

Princeton,  New  Jersey 

Design  and  construction  of  mobile  laboratory  unit 

OEMw-761 

Cornell  University 

Development  of  methods  of  calculating  iVnage  due 

Ithaca,  New  York 

to  underwater  explosions 

OEW83S 

Carnegie  Institute  pf  Technology 

Pittsburgh,  Pennsylvania 

lupr.ct  teiting  of  steel  rod  other  materiel*  \ 

OEMsr-891 

Weatinghouoo  Electric  and  Manufacturing 
Company 

East  Pittsburgh,  Pennsylvania 

Stress-strain  characteristics  of  metals  under  dynamic 
loads 

OEMtr-OSO 

Camera  Institute  of  Technology 

Pittsburgh,  Pennsylvania 

Defense  against  shaped  charge* 

OEMsr-1284 

Duke  University 

Durham,  North  Carolina 

Dovolopmont  of  frangible  projectile  for  flexible  gun¬ 
nery  training 

OEM n-1343 

General  Eleotria  Company 

3chencctudy,  New  York 

Reduction  of  smoke  and  blast  effect 

OEMsr-1361 

California  Institute  of  Technology 

Pasadena,  California 

Roduction  of  smoke  and  blast  effect 

OEM<cr-1398 

Franklin  Institute 

Philadelphia,  Pennsylvania 

Fundamental  design  of  nuiste  brakes 

OEMsr-1478 

University  of  Illinois 

Urbans,  Illinois 

•  Construction  of  modal  explosive  storage  she  Iters 

OEMsr-1493 

Arthur  D.  Little  Company 

30  M  imorial  Drive 

CombriJge,  MasMohuaotts 

Evaluation  of  relative  and  absolute  effectiveness  of 
various  aerial  weapons 

SOS 
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8ERYICR  PROJECT  NUMBERS 

The  project*  lifted  below  were  trtasmitted  to  the  Braeutiva  Secretary, 
OSRD,  from  the  War  or  Navy  Department  through  atfhar  the  War  De¬ 
partment  Liaison.  Officer  for  NDRC  or  the  Office  of  Research  and  Inven¬ 
tion*  (formerly  the  Coordinator  of  Raaearch  and  Development),  Navy 
Department 


Service 

Pr&ct 

Nvmhsr 


Suhjtet 


Amy  Prnj* eU 

AC-73  U  till  nation  of  frangible  projectile  In  flexible  gunnery  training, 

AN-1  Study  ot  defense  against  shaped  charges. 

AN-33  Studies  ot  oomblned  He-IB  attack  on  precision  targets. 

AN-28  Model  scale  explosion  studies. 

AN-20  8tudy  ot  physical  vulnerability  of  military  targets  to  various  type*  ot  aucaal  bombardment, 

CE-5  p»*alve  defense  of  civil  population  and  utilities  against  aerial  bombing. 

CE-6  Passive  protection  of  military  aircraft  and  airport  facilities  against  bomhsng. 

CE-36  Requirements  for  protective  structures. 

OD-Ol  Study  of  PTX  competitions. 

OD-C3  Study  of  shock  waves. 

00-24  Supersonic  wind  tunnel  development 

00-57  Copper  pressure  cylinder  venue  oopper  bells  fur  use  in  chamber  pressure  measure  me- ta. 

00-75  Investigation  of  the  penetration  of  homogeneous  and  face-hardened  arsanr  at  striking  velocities  of  3,000  fps  and 
above. 

00-72  Equipment  for  measuring  and  recording  blast  pressure*  (mobile  laboratory  unit). 

00-121  Mine  cu  M3A1. 

00-145  Study  of  bomb  effective  ness. 

00-154  Reduction  of  smoke  and  blaet  effect. 

00-160  Fundamental  design  of  muuls  brakes. 

Naay  PnpecU 

NO-3  Supersonic  wind  tunnel  development.  ' 

NO-7  Copper  pressure  cylinder  versus  copper  balls  for  use  In  chamber  pressure  mcuurementa. 

NO-1 1  Structural  defense — tea  tin,  /aciUtlcs. 

NO-12  Testing  facilities,  concrete,  detonation  effect — blast,  earth  shook,  (true tunes. 

NO-138  Determination  of  proper  booster  system  for  large  explosive  charges. 

NO-144  Photographlo  examination  of  shock  waves  in  air. 

NO-208  latorferoraetric  examinet'on  of  air  jets. 

NO-223  Investigation  of  explosives  for  use  in  underwater  munitions. 

NO-224  Theoretical  Investigation  of  explosion  phenomena,  Parts  B,  C,  and  D  (Fort  A  remained  In  Division  8).  . 

NO-237  Determination  of  depth  of  underwater  explosions  from  surface  observation*. 

NO-262  Production  of  water  waves  by  explosions. 

NO-263  Cratering  properties  of  explosives. 

NO-267  Study  of  physical  vulnerability  ot  military  targets  to  various  types  of  uuirial  bombardment, 

N 0-283  Air-blast  measurements. 

N3-109  Determination  of  properties  of  materials  at  high  rate  ot  loading  In  strumturcs  subjected  to  shock  loading. 

NS-145  Systematic  Investigation  ot  the  nonmctaltie  balllstio  material  known  xa  plastic  protection  for  the  purpose  o"  a 

better  understanding  and  a  further  development  of  the  material. 

NS-267  NDRC  assistance  In  underwater  explosion  measurements  on  submarine  models. 
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INDEX 

The  subject  indexes  of  all  STR  volumes  oro  onmHocd  tn  a  matter  ladwt  printed  la  c  Mparnte  vJoju. 
For  aoeeet  to  the  Index  volom*  consult  the  Ann/  or  Navy  Agency  Ui ted  on  the  i* wee  ride  of  Um  half-title  page. 


Aberdeen  chronograph,  334 
Aberdeen  Proving  Ground 
alr-blait  meneurenumte,  65 
frangible  bullet  tor  gunnery  train* 
UJg,  242 

eupenonlo  wind  tunnel.  Ml 
terminal  ballistics  of  oonorete,  193 
Accelerometers,  US 
ADP  (ammonium  dihydrogen  pboe- 
phate)  gauge,  M,  70 
Amtal  gunnery  training 
coupled  Instructor's  turret,  246 
frangible  bullet,  34^-348 
hit  Indicator  system,  346 
recommendations,  347 
target  airplane*,  346-340,  34S 
Aerinl  torpedoes,  physical  character- 
Utica,  303 

Afterburning  of  explosive*,  66-67,  00, 
91-03 

Air-blaet  measurements,  00-78 
bloat  tube,  76-70 
gauges,  00-74 

height  affect  on  pruaaure  and  Impute, 
418431 

peak  pressure,  77,  411 
photography  of  explosion!,  74-76 
positive  impulse,  07-08,  77-78,  412- 
4U 

shock-wav*  velocity,  74 
si  do-on  v*.  face-on  pressure,  414 
Air-blast  wavaa 
u*  Shook  waves  In  air 
Airburst  explosives 
tu  Explosion*  in  air 
Air  burst  fuze,  220-321,  320-330 
Aircraft  armor,  343 

Aircraft  Laboratory,  Wright  Field, 
346 

Aircraft  mints,  characteristic*,  308 
Aircraft  weapon*,  307-308 
Alcoa  34  BT  dural  armor,  243 
Alga*  (ftlumir.om  ^asolino),  04 
Aluralnited  explosive*.  76-70 
clearance  of  mine  field*,  100 
explosive  power,  33 
Aluminum  case*  for  bombs,  83 
Amatos,  78 
Amatol 

composition,  20,  78 
effectiveness  for  underground  ex* 
plosions,  137 

In  underwater  weapons,  30 
properties  and  usee,  360 
Amoricaa  Time  Product*  Company 
Irmgible  bullet,  243 
hit  Indicator  system  In  target  air¬ 
planes,  240 

Ammonium  dihydrogen  phosphate 
gauge,  61,  70 

Amplifiers  for  electrical  gauges,  70 
Amplitude-modulated  gauges,  71-72 


Antl-eoneret*  projectile* 
as*  Concrete  targets,  projectile  pens- 


Asti- personnel  mines,  103, 874 
Anti-tank  mines,  101-103, 374 
AP40  (German  hypemJodty  gun),  100 
AP  bomba  (armor-piercing),  307,  313, 
400407 

penetration  of  reinforced  concrete, 
393,307 

physical  characteristics,  364 
AP  projectile* 

ms  Projectile*,  armcr-plerdn* 

Applied  Mathematic*  Panel 
calibration  studies  of  gaugos,  76 
evaluation  of  weapon*,  77 
training  of  operations  a.--.U.v»U,  340 
Armor,  pressure  dalormatioa 
res  Steel,  pressure  deformation 
Armor,  terminal  ballistics 
to*  Armor  perforation 
Anr>or  for  aircraft,  243 
Armor  perforation,  100-190 
ms  olio  Projectile*,  armor-piercing 
angle  of  attack,  176-184 
homogenous  armor,  170 
perforation  formulas,  171-170 
photography,  164-168,  167 
plate  hardness,  103, 174-176 
plate  suspension,  166 
plate  vulnerability,  171-173, 174 
resisting  forces  during  Impact,  104-106 
shatter  velocity,  177,  181 
spoiling  from  plates,  171 
terminal  ballistic  coefficients,  173-174 
thioknnss  of  plate,  181-183 
Armor-piercing  bombs,  307,  312,  333, 
400407 

Armor-piercing  cap,  162,  1C3 
prevention  of  shatter,  171 
Artillery  weapons,  308-309 
Atomic  bomb 
height  of  bunt,  89 
peak  preesuro,  43,  09,  77 
soil  penetration,  240 

Baketit*  Corporst.nn,  frangible  bullet, 
343 

Ball  crusher  gauge 
dcfcr  r.stioo  on  oopper  spheres,  63 
evaluation,  73 
operation,  63 

peak  pressure  measure rount,  53,  73 
theory,  53-64 

Ballistic  pendulum,  161, 164 
Ballistic  studio* 
armor,  160-190 
bombs,  378890 
eo.-i  rente,  191-328 
plastic  protection,  329-333 
soil,  233-341 

theory  of  terminal  ballistics,  165-159 
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Bangalore  torpedo**,  300, 338-834 
Baronal  for  explosive  fillings,  78-79 
Basooka,  rocket  launcher,  277-378 
Bell  Aircraft  Corporation,  346-340 
Blast  measurements  la  air 
m*  Air-blast  measurement 
Blast  tube,  75-70,  84 
Blast  waves  In  air 
ms  Shock  wave*  in  air 
“Blunderbua”  extensions  for  gun*,  138 
Bombing  attacks,  force  requirements 
tor  damage,  317-818 

Bomba 

airbunt,  64-111 
armor-piercing,  307,  813,  804 
ballistic  studies,  378-890 
British,  369 

concrete-piercing,  399400 
depth  bomb,  306,  314,  308 
explosive  fillings,  78,  91-93,  137,  360 
flight  characteristics,  878-890 
fragmentation,  307,  314,  320-832, 
326-328,  366 
fuses,  360-363 
German,  370-871 

GP  bomb*,  307,  312-317,  334-332, 
364  449 

high  explosive,  307,  316-310,  838 
incendiary,  307-308,  316810,  33% 
329830,  866807, 391 
Japanese,  872878 
LC  (light  case),  807,  312,  830,  804 
loading  efficiency,  310817 
proximity  fusing,  83,  80,  91 
•oil  penetrating,  337 
Boos  ten,  explosive,  00 
Brakes,  gun-musile,  143-140 
design,  143-146 
efiiciuiicy  f  sc  ton,  145 
M-2  brake,  133 
require  cnenU,  144 
British  research 
air-blast  tests,  76-77,  87 
bombs,  339 

breaching  of  concrete  anti-tank  walls, 
313 

hypervtloelty  gun,  100 
materials  under  dynamic  loads,  266 
operations  analysis,  340 
plastic  armor,  155,  229  333 
•tondard  bomb,  90 
Tclecon  cable,  118 
underground  trajootory  of  bomb*, 
113 

BulloU  for  aerial  gunnery  training 
tc*  T44  fningibio  bullet 
Bureau  of  Ordnance,  27 

California  Institute  of  Technology 
gun  rnuixte  attachment*,  134 
material)  under  dynamic  load*,  366 
lupcroonio  wind  tunnel,  261 
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Ckp  attachment  for  armor- piercing 
projectfle,  142, 163, 170 
Carpet-roll  torpedo,  IDS 
Cavitation 

effect  on  damaging  power  of  ex¬ 
plosive.  42-43 

photographic  experimenta  43-42. 
57-23 

Chepmsn-Jouguet  detonation  etate  of 
explosives,  08  . 

Chronograph  for  projectile  velocity 
measurement,  234 

Composition  A  (explosive  filling)  prop¬ 
erties  and  usee,  323  ' 
Composition  B  (explosive  filling) 
composition.  73 

effectiveness  for  underground  ex- 
plosions,  127 
explosive  effect,  79 
open  air  effectiveness,  92 
properties  and  uses,  359 
Composition  C  (explosive  filling)  prop¬ 
erties  and  uses,  359 
Concrete  targets,  projectile  penetra¬ 
tion,  191-228 

set  alto  For  "ff cation  damage 
ballistic  limits  of  concrete  penetra¬ 
tion,  308 
bombs,  399-400 

conditions  for  maximum  damage, 
207,210 

contact  explosions,  120,  285-238 
delayed  fused  bombs,  322 
dispersion  of  points  of  Impact,  211 
explosive  projectiles,  207-211 
mathematical  formulae,  192-194, 
212-227 

noao  fute,  210-211 
perforation  of  target,  199,  208,  218 
projectile  properties,  194,  207-209, 
217,  221-223 

quality  end  thickness  of  concrete, 
193,  201-202,  211,  290-291 
ricochet  and  clicking  of  projectile, 
193-109,  213-214,  220,  308-308 
rockets,  401 

scabbing  of  target,  190, 208, 214, 218, 
235-280,  201,  300 
shaped  charges,  410 
striking  angle  and  velocity  of  projeo- 
tile,  101,  108,  207,  211,  216-217, 
210-220 

time  and  velocity  of  penetration,  104, 
109,  225-220,  228 
vulnerable  areai,  214-210 
Concrete  targets,  types 
tet  Fortification  design 
Condenser-microphone  gauge,  71-72 
Conductivity  gaugo,  61 
Cone-end  charges,  378 
Contact  explosion*,  2S5-2S8 
cratering  in  concrete,  2SJ-288 
Impulse  produced  by,  257-2S8,  415 
scabbing  of  concrete,  285-286 
Copper,  compression  testing,  262-283 
Cornell  University,  study  of  shook 
wave  properties,  40,  45 
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Qatar  formation,  destructive  affect, 
324-327,  422-423 

Cydonite  (cyclo methylene  trinltrv 
mine),  20 

Damage  gxugss,  73-74 
DBX  (explosive),  78-79 
Deflectors  for  guns,  145-150 
control  of  jet,  149-150 
reduction  of  blest  effects,  145-149 
suppression  of  dust,  140-149 
suppression  of  flash,  148 
Demolition  charges,  characteristics,  370 
Depth  bombs,  33-35 
Mark  54;  33,  60 
physical  characteristics,  383 
Destruction  techniques 
is*  Target  damage  techniques 
Detonating  oord,  line  charge,  103,  106 
Detonation  wave,  88-87 
Detonator  cape,  49 
Diaphragm  gauges,  44-45,  54,  73-74 
Modugno  gauge,  54 
paper  blast  meter  gauge,  73 
peak  pressure  measurement,  54 
steel  diaphragms,  54 
Dragon  hose,  line  charge,  102 
Duke  University,  frangible  bullet  re¬ 
search,  242 

duPont  da  Nemours  Company,  fran¬ 
gible  bullet  research,  242 
duPont  powder  No.  4759;  244 
Dural  armor,  Reynolds,  243 

Ednatol  for  explosive  fillings,  78-79 
EgUn  Field,  Florida,  frangible  bullet 
research,  ?12 

Elastic  wave  propagation,  l*5o-2 it 
Electro-magnetic  blast  pressure  gauge- 
118 

Euler-Rohins  theory,  proJectDs  pene¬ 
tration,  194,  227 
Explodons,  contact,  285-238 
cmteriiig  in  concrete,  285-287 
Impulse  produced  by,  287-2S8 
ecabbing  of  concrete,  285-288 
Explosions,  photography 
tee  Photography  of  exploalons 
Explosions  iu  air,  84-109 
is*  alio  Shock  waves  in  air 
afterburning  process,  60-67, 61, 91-92 
air-blast  measurements,  00-7?,  05-99 
Cbapinun-Jougud  detonation  state, 
06 

chemical  reactions  of  exploeivea,  68- 
87,  81,  01-02 

composition  of  explosive,  76-79  - 
.damage,  76-77,  328,  328 
evaluation  of  explosives,  65,  77-30, 
86-87 

flame  velocity,  74, 107 
fragmentation  of  bombs,  65, 315-315 
fuses  for  bombs,  314-315 
gas  formations,  66-67,  81 
height  of  burst,  86-91 
low  order  explosions,  307 
measuring  inatnunents,  72-74 
modal  town  tests,  37 


physical  properties  of  cxplutfisa,  79- 
83, 107 

principle  of  similitude,  80-81 
skin  effect  of  explosives,  81 
slow-burning  explosives,  03-94 
theory,  68-89 

Explosions  In  ondosod  rooms,  91-94 
blest  impulse,  93 
effect  of  ventilation,  92 
effectiveness,  01-03 
high  explosives,  91-03 
slow-burning  explosives,  03-04 
Explosions  on  ground,  00-100 
Explosions  under  ground,  110-132 
comparison  of  explosives,  127 
crater  formations,  112-114,  128- 127. 
313,  422-423 

damage  to  structures,  127-182,  285. 

207-301,  312,  321-328 
earth  shock  waves,  112-128,  312-313, 

424 

film  recording,  118 

gss  formation,  112 

measuring  instruments,  118-110 

model  tests,  114-H8 

peak  preaauro  and  impulse,  121-122, 

425 

reoonunendstions  for  future  work. 
133 

soil  factors,  118-117,  131 
transient  and  permanent  efforts,  117 
Explosions  under  water,  20-83 
***  alto  Shock  waves  under  water 
comparison  of  explosives,  32-40 
craters  produced,  1 
damagu  produced,  41-43 
description  of  undurwst*:  weapon. 
10-20 

detonation  process,  20-21 
effect  of  cavitation,  42-43 
effect  of  charge-weight  and  depth, 
44,  48-48 

gas  bubblo  formation,  28-31,  48-48L 
314,427 

high  oxploai  vos,  20-21 
measuring  instruments,  44-45,  40-58 
methods  of  locating  source,  60-61 
noncontact  oxplaelons,  41-42 
photographic  methods  of  analysis, 
66-50 

pressure  and  Impulse,  42,  426 
pressure  inside  an  explosive,  21-22. 
30-41 

research  facilities,  02-83 
stufaco  phenomena,  31-32,  69 
cympatbetlo  dotonatlon,  50 
Exploalvo  D,  properties  and  usea,  359 
Expletive  fillings 
airbumt  expiodvae,  78 
bombs,  359 

underground  explodves,  127 
underwater  weapons,  20 
Exploalvo*,  afterburning,  66-07,  80, 
01-92 

Explosives,  high 
tet  High  explosives 
Explosives,  low  (propellants),  68 
Explosives,  magtulno*,  108 
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Explosives,  mine  clearing 
mt  Mine  cUering  explosives 
Explosives,  slow-burning 
•*  Sow-burda*  explosives 

Factory  Mutual  Research  Corpr  »t!on. 

Salta  burster,  03 
FWng  devices,  characteristic*,  57* 
FUatk^e  Company,  protoctfrv  panda 
for  tanka,  381 
FoQmetev  gauge,  74 
Folding  skirt  projectile,  188 
Fortr.uaa 

innor  porforatlon,  171,  175 
concrete  penetration,  192-194,  215-338 
crater  volume  b  oonorete,  287 
plaatio  banding  of  a  ooncrate  boom, 

prediction  of  bombing  damage,  309- 
31d 

inquired  density  of  bombing,  318 
•caobing  limit  of  concrete,  285 
•oil  penetration,  337 
velocity  of  elastic  wave  propagation, 
25A 

Fort  Pierce,  Florida,  mine  clearing  ex- 
ploeivee,  103 

Fort  Worth  Headquarters,  AAF,  Train¬ 
ing  Command,  frangible  bullet, 
342 

Fortification 

aee  alto  Concrete  targets,  projeotlla 
penotration;  Explosions  under 
ground;  Target  damage  tech¬ 
nique*;  Target  vulnerability 
by  AP  projectiles,  303,  307,  302400 
contact  explosions,  120,  285-288 
crater  formations,  197-200,  280-287, 
313  ' 

damage  criteria,  429 
damage  to  structural  components, 
313,  430-435 

explosion  after  penetration,  208 
foroo  requirement  for  bombing  at¬ 
tack,  317-318 

Impact  testa  on  concrete,  288-202, 
300-207 

noncontact  charges,  128-120 
prediction  of  damage,  220,  200,  315- 
310 

pressure  monnurem»Dts,  128 
relotivo  effectiveness  of  explosives. 
288 

repeated  Drc  effect,  103,  211-213 
teeu,  127-132 
theory,  130-132,  207-301 
underground  explosions,  285,  207- 
301,  323 

underground  structures,  127-132, 313, 
434,  444 

vulnerable  areas,  214-210 
Fortification  design 
aggregate  si  10  iu  concrete,  202 
concrete  "cover",  203 
control  of  scabbing,  204-203,  200,  285 
cured  concrete,  201 
elastic  versus  plaatio  design,  292-100 
face  mate,  293-204 
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laminated  concrete,  103, 200, 510 
plastic  protection,  220-^32 
quality  of  concrete.  701-202,  291 
recommendation*  for  future  work. 
204-385 

reinforced  concrete,  197-109.  203- 
212,288-392 

vulnerable  arsa  diagrams,  214 
Fragmentation  bomba,  320-323,  325- 
328 

on  aircraft,  327-328,  443 
on  freight  yards,  320 
on  light  guns,  321 
on  light  targets,  320 
«n  open  gun  emplacement*,  321 
on  transformer  substations,  330 
personnel  destruction,  320,  443 
physical  characteristics,  355 
Frangible  bullat 
to*  T-44  frangible  bullet 
Frankford  Arsenal,  frangible  bullet,  242 
Franklin  Institute,  musile  brakes,  134 
Frequenoy-mudulsted  gauge*,  71-72 
Fuse* 

alrburat,  320-821,  329,  330 
delay,  329-830,  332 
for  bomba,  360-353 
for  concrete  piercing  projectile*,  210- 
211 

for  high  explosive  bom  be,  350-353 
for  mines,  374 
Instantaneous,  329,  330 

Gauge*  for  pressure  measurement 
ADP,  fit,  70 

boll  mwher,  44,  53-54,  72-73 
calibration,  70-71,  75-75 
condenaer-mlcrophone,  71-72 
conductivity,  61 
diaphragm,  37,  44-45,  04.  73-74 
electro-magnetic,  118 
foilmeter  gauge,  74 
magnetostriction,  61,  72 
Modugno,  33.  54 
paper  blast  motor,  73 
plesoelactric,  33,  40-51,  00-71,  118 
piston,  64-55,  72-73 
quarts,  51,  70 
recording  methods,  61-52 
rceb  tor,  61,  71-72,  76,  118 
Rochelle  salt,  51,  70 
rotating  drum,  73 
tourmaline,  38-30,  60-41,  60-70 
UERL  gauge,  44,  72-73 
Williams  gauge,  73 

Onncrol  Electric  Company,  gun  muisle 
Attachments,  134 
General  purpose  bombs 
it*  GP  bomba 
German  research 
antl-concreto  projoctiles,  210 
armor-piercing  projectiles,  409 
Bniookas,  277-278 
bombs,  370-371 
hypervelocity  gun,  100 
tolues,  370-371 
Panscrfaust,  280,  281 
p ret. ur ©-operated  mines,  32 


ntnfereetnsnt  of  fortifimtfcma  385 
steel  projectiles,  187 
V2,  rocket,  309 

GP  bombs  (general  purpoee),  312317:, 
324-332 

dropped  on  aircraft  landing  grounds, , 
327-328 

dropped  on  hridgss,  88* 
dropped  on  coke  ovens,  331-833 
dropped  on  docks,  327 
dropped  on  freight  yards,  828 
dropped  on  tight  factory  construc¬ 
tion*,  320-330 

dropped  on  railway  track,  824 
dropped  on  transformer  tubetetioM, 
330  ; 

driyptd  on  tunnels,  325 
efficiency,  316 
fragmentation,  316 
moon  area  of  effectiveness,  820 
performance  data,  449 
physical  characteristics,  854 
toll  penetration,  395 
Groundburat  charges,  90-100 
Guillotine  type  machines  for  testing 
materials,  258 

Gulf  Research  and  Development  Com- 
P“»y 

simulated  Japanese  anti-boat  horn 
mine*,  49 

universal  indicator  mins,  102-103 
Gun  deflectors,  145-160 
control  of  jet,  140-150 
reduction  of  blast  effects,  145-149 
suppression  of  dust,  145-149 
suppression  of  flash,  148 
Gun  musile  brakes,  142-14d 
design,  143-145 
efficiency  factors,  145 
M-2  brake,  133 
requirements,  144 
Gunnery  training 
itt  Aerial  gunnery  training 
Gun*,  hypervelocity 
tte  Projectiles,  bypcrvolodty 
Guns,  muitlo  bloat  from 
characteristics,  135-139,  145-147 
control,  141-153 
effects,  133-134,  130-141,  145 

Harvard  University,  air-blast  tneasura- 
monte,  05 

HBX  ^explosive  filling) 
aircraft  depth  bowl*,  35- 
composition,  20,  78 
effectiveness  for  airburst  explosions. 

02 

effectiveness  for  underground  explo¬ 
sions,  127 
explosive  effect,  79 
in  underwater  wespons,  20,  35 
properties  snd  uses,  369 
sensitivity,  79 
HCR2  plastic  armor,  280 
Heilsnd  recording  oscillograph,  141 
Ifexanlte,  79 
High  explosives  ■ 
bomb  fusej,  360353 
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bomba,  307 

damage  to  factory  mtcMncry,  JX 
dsfiniUoo,  ID 
detonation  process.  30-31 
fir*  starting  efficiency,  316-310 
la  enclosed  rooms,  01-33 
ultra  oom  pounds,  20 
theory  of  detonation,  00-07 
ffffllar  piston  typo  moraaabna  pool 
54-00 

Bit  ladles  tor  system  In  target  airplane*, 
M0 

Hollow  charges 
ses  Projectiles,  shaped  chart* 
Hopkinson  law  of  scaling,  34,  40 
Hugooiot  relations  for  shock  waves, 
40,35 

HVAP  (hypervelocHjr  armor- piercing 

tun),  100 

Hypervelocity  projectiles,  180-103 
sm  also  Projectiles,  armor-piercing 
enorgy  low  in  flight,  168 
steel  projectiles,  107 
tungsten  carbide  projeotilee,  180-168 

Impulse  In  shock  waves 
sm  Peak  pressure  and  positive  Impulse 
Impulse  pendulum,  385,  308 
Inoondlary  bom  be 
aircraft  loading,  381 
dusters,  Sid 

damage  to  structures,  330 
offuct  of  target  combustibility,  310 
Are  storting  efficiency,  CIS 
physical  characteristics,  360-307 
uk  on  grounded  aircraft,  320 
Indicator  mines,  103-103 
Infantry  soaks  (line  charge),  103,  106, 
333 

Interferometer,  use  in  studying  shook 
waves,  76,  134,  137 

Japanese  antl-boal  horn  mines,  49 
Japanese  bombs,  373-373 
Japanese  steel  plants,  vulnerability, 
331-333 

Jeesop  sUcl  armor,  343 
Jot  smoke  rings,  137 

Land  mines,  charoctorUtlos,  374 
Laredo  Army  Air  Field,  Texas,  fran¬ 
gible  bullet,  343 

LC  bombs  (light  cess),  307,  3ri,  330 
physical  characteristics,  304 
Lead  aside,  18,  66 

Light  coao  bomba  (LC),  307,  313,  330 
physical  characteristics,  364 
Line  chargee,  103 
nlumlnhed  explosives,  106 
Bangalore  torpedoes,  308 
clearance  of  minefields,  103-106 
oratering  effect,  433 
definition,  100 
detonating  co  d,  102,  105 
dimer  ill  one  and  weights,  105 
Dragon  how,  103 
os  wire  barricades,  323 


physical  characteristics,  377 
prawn™  anrilmpiit«,»-i<W«„» 

103-100 

snakes,  103,  105,  308,  3334124,  377 
tank  hose,  103, 105 
uss  against  defended  towns,  100 
Low  explosives,  66 
“Lula”  >»*■— *-r_  U 


M2  "•,»««<+  bisks,  133 
M3  send  os  projectiles,  235-336 
M3  snake,  105 

Mach  number,  definition,  253 
Mach  re  Section  of  shock  waves 
holght  effect  on  pressure  arui  Impulse, 
410-431 

interaction  of  shock  we\  as,  85 
Mach  stem,  68-58 
Machines  for  testing  materials 
compression  testing,  302 
for  testing  steel  under  high  pressure, 
367 

guillotine  type,  256,  268,  264 
pneumatic  impact-testing  machine, 
290 

rotary  type,  256,  358,  364 
tensile  testing,  304 

MAE  (moan  area  of  effectiveness),  ex¬ 
plosives,  300-311 
fragmentation  damage,  443 
OP  bombs,  338 
Megaiine*  for  explosives,  108 
Magnetostriction  pressure  gauge,  51, 73 
Mark  1  hydrophone,  58 
Mark  6  depth  chares,  33 
Mark  13  aerial  mint,  33, 48 
Mark  54  depth  bomb,  33, 60 
Meeeachuaette  Inelitute  of  Technology, 

Materials,  etresr-etrain  relation 
sss  Strcas-straln  phenomena  is  termi¬ 
nal  ballistics 

Moan  area  of  effectiveness  of  oxplosivM, 
309411 

fragmentation  damage,  443 
OP  bombs,  338 
Mercury  fulminate,  19,  66 
Mine  clearing  explosive*,  101-106 
aerial  bombardment  of  micas,  103, 
106 

nluminlrod  explosives,  106 
carpet- roll  torpedo,  103 
comparison  of  point  and  line  charges, 
100 

countermining  of  horn  mines,  49 
detonating  cord,  103 
disadvantages,  102-103 
Dragon  hose,  102 
effect  of  mine’s  depth,  103 
evaluation  of,  103 

factors  determining  distanos  from 
charge,  103 

line  charge  blasts,  103-106 
projected  Unc  charge,  103 
skip  effect,  103 
snakes,  103,  323 
tank  host,  103 
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aircraft,  968 
antt-pemonnet,  103;  876 
anti-tank,  101  102,  374 
damage  to  ships,  838 
effective  countermining  radius,  48 
fuses,  374 

German,  32, 37047L 
had  mins  characteristics,  876 
position  of  u-iderwoter  mlnss,  28 
simulated  mines  tor  tests,  103-108 
tellermins,  103 
types  of  mines,  101 
universal  indicator  mins,  103-103 
Minol  (explosive  filling) 
aluminum  content,  79 
composition,  JO,  73 
effectiveness  us  open  sir  explosive,  82 
effectlreiitt*  for  underground  explo¬ 
sions,  137 
explosive  effect,  78 
for  underwater  weapons,  30,  36  . 

In  British  tvmb,  80 
properties  and  uses,  858 
Modugno  gauge,  33, 54 
Monobloc  projectile*,  176-187 
Munroe  jet  action,  35,  306 
Mussle-blast  characteristics,  135-138 
sir  shock,  135-137 
blast  preosure,  137-188 
detonation  process,  135-136 
Jet  characteristics,  135-139,  140-147 
muisla  glow,  137 
rarefaction  front,  137-138 
Mussle-blast  control,  141-152 
blunderbus  extensions,  133 
oontrol  of  jet,  148-160 
defleotora,  145-150 
field  attachments,  141-142 
musate  brake,  133-134,  143-146,  151 
recommendations  for  future  research, 
151-153 

reduction  of  blast  effects,  145-148 
reduction  of  gun's  recoil  energy,  138, 
143-143 

Mussle-blast  effects,  133-131,  188-141, 
146 

blast  damage  to  structures,  139 
d'lst  formation,  133,  140 
cffcot  of  charge  weight,  139 
effoct  of  gun  tubs  length,  139 
effect  of  musxle  velocity,  133,  139 
exocculve  flash  from  gun,  183,  141 
obscuration  of  target,  133,  140-141, 
140 

personnel  injury,  140-141 
recoil  of  gun,  139 
shock  wave  impact,  140 

Naval  Ordnance  Laboratory  (NOL) 
boll  ci-  liber,  61-64,  72-73 
hydrophone,  69 

Nomograms  for  projectile  penetration 
of  concrete,  220 

Oblique  reflection,  application  to  sir- 
burst  bombs,  86-01 
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Operations  analysts,  DM4! 
peacetime  functions,  Ml 
•ehetion  of  men,  MO 
Optical  distortion  method,  analysis  of 
shook  wnwa  67 

Ponserfiuit*  (shaped  charges),  380-381 
Paper  blast  meter  gauge,  73 
ftslt  pr enure  and  positive  impulse 
charge  (a  baa  afar,  9Wt> 
comparison  of  ehargea,  100-10!,  103- 
106 

definition,  67-68 
destructive  effect;  77 
distant*  and  weight  of  explosive,  411- 
413 

effect  of  atmospherle  pleasure,  106- 
107 

effect  of  charge  container,  83 
effect  of  distance  from  explosive,  77, 
05-100,  114 

effect  of  height  of  bomb  burst,  86-91 
effect  of  else  of  explosive,  77 
electrical  methods  for  measuring,  SO¬ 
TS 

ground-level  pressures,  99-100 
impulse  factors,  underground,  131* 
133,  425 

Mach  reflection  of  shock  waves,  419- 
421 

measurement  for  various  explosives, 
79 

mechanical  gauges,  73-74 
methods  of  estimating  pressure,  38-39 
pleasure  factors,  underground,  119- 
123,  435 

Ranklne-Hugoulot  equations,  83 
ratio  for  common  explosives,  69 
relative  positive  impulse:,  94 
underwater  explosions,  420 
velocity  method  of  measurement,  74, 
83 

Pendulum,  ballistic,  151,  160 
Pendulum,  Impuiao,  285,  388 
Pentollte,  34,  99 
composition,  78 
explosive  effect,  79 
in  shaped  charge*,  277 
properties  and  uses,  359 
Petn,  properties  and  usea|  350 
Pftry  concrete  penetration  theory,  227 
Photography  of  armor  perforation,  164- 
165,  167 

Photography  of  cavitation,  43-44, 67-58 
Photography  of  explosions 
air  cover  photographs,  77,  86 
flash  charge  photography,  66-58 
high  speed  motion  pictures,  48,  58- 
60,  75 

interferometry,  75,  137 
light  souroos,  75 
optical  distortion  method,  57 
rotating  drum  Comoro,  75 
Schlicren  technique,  76 
spuk  photographs,  135,  137,  Jf7 
X-ray  photographs,  179 
Iterate!,  78-79,  359 


PWeoeleetrie  gauges 

ADP,  51,  70 

auxiliary  apparatus,  70-71 
calibration,  39,  50-51,  70-71 
comparison  of  various  crystals,  SI 
compressive  impact  measurement* 
368 

W&Mt  Of  gauge  mntmtbig,  7% 
evaluation,  60,  71 
measurable  quantities,  118 
piesoeleetrio  substance,  60 
pressure  measurements,  69-71,  118 
pyroelectric  activity,  70-71 
quarts,  51,  70 
recording  of  signals,  71 
reliability  teats,  38-39 
Rochelle  salt,  61 
sensitivity  of  crystals,  70 
tourmaline,  50-51,  70 
Piston  gauges,  54-53,  73-73 
bail  crusher  gauge,  73 
rotating  drum  gauge,  73 
split  piston  gaugv,  73 
spring  piston  gauges,  73,  74 
testing  of  underwater  explosive*,  33 
wave  impulse  measurement,  54-55, 73 
Plane  charges,  103 
Plastic  anna 
iu  Plastlo  protection 
Plastic  bullet 
<m  T-14  frangible  bullet 
Plaatio  protection,  229-232 
comparison  with  steel,  230 
description  of  mstcriat,  329 
effect  of  variation  of  components, 
231-232 

for  tank  protection,  286-281 
penetration  by  projectiles,  239-331, 
403 

proportions  of  materials,  231 
protection  against  explosions,  331 
protection  against  shaped  chargee, 
280 

ricochet,  230 

specification*  of  components,  331 
Plan  tics 

definition  of  phatio  material,  356 
eUatio  limit,  256 
particle  velocity,  357 
propagation  of  waYos,  357-358 
tensile  impact,  257-258 
velocity  of  plastic  waves,  257 
“Plate  denting  index”  of  explosives,  287 
PLC  (projected  line  chargo),  103 
Ponumatto  impact-testing  machine,  290 
Point  charges,  103 

Poncelet  force  law  of  concrete  penetra¬ 
tion,  192,  194,  227 
Positive  phono  in  shock  waves,  67 
Pressure  measurements  in  shock  waves 
tee  Peak  pressure  and  positive  impulse 
Pressure  wave 
tu  81  look  waves 

Prcsauro-time  curve  for  explosions 
detonation  Inside  *  building,  91 
oscillogram,  71,  107 
piston  gauges,  73 

undetground  wave  propagation,  113 


Primer*,  explosives,  68 
Probability  dip,  mine  detonation  W6 
Projected  line  caarga,  103  ,  . 

Projectile  deformation  > 

comparison  of  steel  and  tungsten 
carbide,  179 

density  of  projectile  material,  188 
efftethanees  of  projectile  cap,  186-187 
impact  conditions,  176-183 
length  of  project!!*,  188 
note  shape  of  projeetQe,  1M 
•hatter  velocity,  179-183 
strength  of  material,  183-184 
striking  velocity,  179-183 
Projectile  design 
capped  projectiles,  186-187 
causes  of  failures,  183 
criteria  for  good  projectile,  IM 
density  of  material,  185 
increase  in  mustle  velocity,  167-160 
length  of  projectile,  185 
mechanical  strength  ot  materiel,  183- 
10* 

monobloe  piajectflee,  186-187 
nose  shape,  134-188 
optimum  diameter,  176 
prevention  of  >  hatter,  183 
recomntendst'ons,  190 
else  of  core,  1 57 
else  of  projectile,  176,  188 
stability  fact  >r,  169-170 
Projectiles,  ora  or-piercing,  160-190 
tee  alto  Armor  perforation 
armor-piercing  cap,  ie3,  186-187 
bombs,  307,  113,  333,  364,  406-407 
deoelcration  during  impact,  164 
deformation  of  projectile,  176-185 
effect  of  weight,  176 
fortification  damage,  893,  397,  3»9- 
400 

German,  409 

monobloe  projectiles,  176-187 
irussle  energy  moasurement,  167-169 
non-defonning  projectile,  176-179 
prediction  of  projectile  performance, 
176 

residual  energy,  164 
rupture  velocity,  177 
sabot  projoctiies,  105,  167,  189 
ebaped  chargee,  417 
shutter  velocity,  177-179,  184 
small  caliber  bullets,  405 
stability  factor,  169-170 
steel  projectiles,  184,  189 
striking  energy,  170 
tungsten  carbide  projectiles,  176, 18s, 
183-189,  403 
uncapped,  493-109 
velocity  meocurement,  166-167 
Projectiles,  artillery,  308-309 
Projectiles,  concrete-piercing  * 

m  Concrete  targets,  projectile  pene¬ 
tration 

Projectiles,  flight  velocity  measurement, 
251 

Projectile*,  hyporvdoclty,  160-162 
at  alto  Projectiles,  armor-piercing 
effect  ot  armor  thickness,  173 
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tuep  kas  la  flight,  166 
•tod  projectile*,  187 
tungsten  carbide  projectile*,  188-189 
Projectile*,  shaped  charge,  377-383 
araor-picroing,  417 
Baraka,  277-378 
eone-eod  chart*,  876 
design,  383 

effect  of  sensitive  noee  fuse,  381 
Pen  serf  sect,  280-281 
perforation  of  armor,  417 
perforation  of  concrete,  418 
physical  characteristic*,  378 
protection  against,  379-380 
residual  penetration,  379 
tank  protection  against  380-381 
theory  of  Jet  penetration,  377-280 
Projectile*,  r£  .  enetratWr,  333-339 
ess  alto  Soil  nod-ated  5y  projectile* 
effect  of  projectile  mss*,  337 
fuiee  for,  340 
OP  bomba,  305 
instability,  239-340 
M2  tervioe  projectile,  U 
perforation  limit  velocity,  338 
recommendation*  for  future  work, 
335-238 

rocket  projectiles,  337 
shape  and  density  of  projectile,  235- 
237 

shape  of  projectile  noee,  **34,  238 
■Inking  velocity,  234-335,  207 
underground  trajectory,  238 
Propellants  (low  exploeivee),  88 
Proximity  fusee,  83,  88,  91 

Quart*  pressure  gauge,  61,  09-70 

Rankino-llugonlot  relations,  30,  83 
Rarefaction  waves  in  air,  67 
Rayleigh  waves,  underground,  113 
RDX-Compoeltion  D,  20 
Recommendations  for  future  research 
air  blast  phenomena,  108-100 
fori  IPcct  Ion  design,  291-205 
tuusxlo  blast  control,  161-153 
projectile  design,  190 
soil  penetrating  prolcctilc*,  235-335 
underground  explosion,  133 
woapon  effectiveness,  333 
Roddy  fox  charge,  877  . 

Reeve*  Scund  Laboratory  , , 
Remington  Arms  Company,  v.  «-rwo- 
tieut,  242 
IUsbtur  gauge 
auxiliary  apparatus,  73 
•valuation,  01,  72 
measurement  of  strain,  75 
pressure  measurement,  118,  287 
Reynolds  .301  T  dural  armor,  343 
Richardson,  properties  of  air,  83 
Rkmann,  propagation  of  a*r  waves,  233 
ltobina-Euler  theory,  pe  ietration  of 
concrete,  104,  337 
Rochelle  salt  gauge,  51,  60-70 
Rocket* 

airborne,  308,  330 
artillery,  308 


Mast  pressure  meawiremenl*,  107 

German  V3;  309 

on  armored  vehicle*,  338 

on  locomotive*,  838 

"bn  open  gun  podtlooa,  331 

on  ship*,  838 

penetration  into  concrete,  401 
penetration  Sato  eoO,  387 
Rotary  type  machine*  for  testing  me* 
teriale,  984 

Rotating  drum  camera*,  75, 184 
Rotating  drum  gauge,  78 
Rupture  velocity  of  projectile*,  defini¬ 
tion.  177 

8abot  projectile,  166,  167,  189 
Sale*  hunter,  93 
SAP  bomb*  (eemlarmoi'-plerclng) 
description,  307 

dropped  on  bridge  abutment#,  325 
dropped  on  coke  ovens,  331 
dropped  on  heavy  roof  construction, 
339 

dropped  on  tunnels,  335 
fragmentation  from,  315 
target*  used  against,  312 
BBX  (slow-burning  exploeivee) 
cm  Slow-burning  exploeivee 
Scaling  of  model*,  33-35,  45-46,  80-81 
Schlicrcn  optical  system,  76,  351 
Schnaok*  Manufacturing  Company, 
Indiana,  343 
Seismic  wave,  131 
Shadow  ratio  chart,  453-458 
Shaped  charge 

te*  Projoc tiled,  shaped  charge 
Shatter  velocity  at  projectiles,  defini¬ 
tion,  177-179 
Shock  tube,  84 
Shock  waves  in  eii,  64-109 
destruction  caused  by,  68-89,  78-77, 
311-313 

detonation  wave,  88-87 
duration,  311 

affect  of  distanoe  from  charge,  04-100 
explosions  in  enclosed  aross,  91-03 
formation,  67 
incident  wave,  68-00 
Mach  reflection,  85-80 
oblique  reflection,  84-01 
IMtflifie  velocity,  87-08,  83 
peak  pressure,  07, 77 
photi'^rapby  of  explosions,  74-75 
positive  impulse,  87-53,  75-77 
pressure  measurement,  07-08 
propagation,  87-63,  74,  05 
recommendations  for  further  etudy, 
108-100 

reflection,  08-89,  83-85 
snaps,  67 
•nook  tube,  84 
slipstream  boundary,  85 
temperature  ul  medium,  07-08,  100- 
107 

velocity  measurement,  74 
vkv#  front,  67 

Shock  wave*  incartli,  112-126,  312-318 
crater  formation,  423-423 
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ri-'—gT  to  bridge  abutments,  838 
displacement  of  earth,  494 
effect  of  toil,  114, 116 
particle  acceleration  and  displace- , 
ment,  123-135 

peak  pressure,  119-117, 139-138,  438 
propagation  of  shock  wava,  118*121 
U9 

shop*  of  wave,  lit 
stress  strain  curve,  118 
velocity,  114, 116 
Shock  waves  under  water,  80-88 
cavitation,  28 
eut-off  time,  34-28 
damaging  factors,  43-44, 814 
destruction,  4849,  318414 
duration,  33-24 

affect  of  charge  shape,  87  .*.  , 

energy,  21,  33-34,  37,  43 
equations  for  psramsten,  37-39 
impulse,  87 
tow  pressure  tail,  28 
measurement  of  eharactoristloa,  33 
methods  of  ostimating  peak  pressure, 
3849 

momentum  of,  39-94 
optics'  distortion  method  of  analyrie, 
Sm 

peak  pressure,  33-36,  3749,  49 
pressure  decay,  91-34 
pressure  measuring  Instruments,  49* 
58 

propagation,  20-31,  88-41 
pro  parties,  21-25 
reflection,  34-28 
similitude  principle,  23-26 
surf  sue  phenomena,  3143 
theoretical  calculation  of  properties, 
39-41 

wav*  front,  31-23 
Similarity  law  of  explosives,  8341 
application,  80 
limitations,  8041 
“skin  effect,"  81 
etatomont  of  principle,  80 
Similitude  principle  of  shook  waves, 
2345 

Slow-burning  explosive*  (8BX),  03-04 
aluminum  and  gasoline  mixtures,  04 
comparison  with  HE  explosive,  04 
for  eabotago  devices,  93 
“Lulu"  burster,  03 
pressure  tirco  oscillogram,  04 
"Salex"  burster,  93 
Bunkos  (line  charge),  102,  105,  309 
application,  323-324 
physical  characteristic#,  377 
Soli  penetrated  by  projectile*,  233-239 
tt*  a loo  Projectile*,  soil  penetration 
mathematical  formulae,  937 
moisture  content  of  suit,  235 
phyeical  properties  of  anil,  233 
recommendations  for  future  work, 
335-238 

ricochet  of  projectile,  308-806 
tend  big  experiments,  238 
sectional  energy  and  pressure 
theories,  239 


aoO  parapets,  238 

Sofl  p«netn.ted  by  projects*,  testa, 
334-936  r--* 

day,  390 

concrete  slabs  with  sod  covering,  336 
experiment*!  method,  334*338 
10001,236-330  * 

parapet*  of  mB,  390 
phydeal  ofcacaetetiatins  at  aoOt  weed, 

•aalfm 

•end  baca,  336 

Sound  ranging,  detection  of  underwater 
explosions,  6040 

Spark  shadowgraph*  of  projectilea,  178 
Sperry  Qyroacope  Company,  340 
Spllt-pleton  gauge,  73 
Spring  piston  gang*,  73,  74 
Steel,  pressure  deformation,  380378 
blast  damage  to  steel  columns,  430 
critical  Impact  velocity,  300 
ductility  of  eteel,  300 
effect  of  underwater  explosions,  44-40 
elastlo  limit  velocity,  361 
flow  stress,  371 
fraoture,  300-370,  373 
hardness  teste,  36ft,  373 
heat- treatments,  360 
hydro*  Utio  stress,  367 
meohaninm  of  deformation,  266-387 
method  of  measurement,  387 
orientation  of  specimens,  effect  on 
strength,  371 
plsstio  deformation,  48 
ptmohiug  of  stool,  373-373 
rate  of  strain,  363 
rupture,  367 
strain-hardening,  370 
•trees  limit,  366 
tensile  teats,  364,  368 
uniaidal  state  of  •  tress,  367 
Sled  projectiles,  168, 184-100 
comparison  of  monobloc  and  capped 
projectiles,  187 
conventional  length,  188 
hardnecs,  184 

hype  (velocity  projectile,  187 
shatter  velocity,  184-188 
Strain  gauge 
auxiliary  apparatus,  73 
evaluation,  61,  73 
pressure  measurement,  118,  267 
strain  measurements,  78 
Strcse-etroln  phenomena  in  terminal 
ballistics,  266-273,  203-204 
comprcwion  teat*,  250-263 
critical  Impact  velocity,  280 
oritlcnl  impulse,  200-361 
oritlcal  ‘eaullc  voloclty,  268 
deformation  of  steel  under  pressure, 
266-273 

elwtlo  versus  plastic  design,  293-208 
elastic  waves,  266-267 
flow  stress,  209 
force  deformation  curves,  363 
Impact  twits,  256,  260-261,  293-294 
Impulsive  loading,  260-261 
natural  strain,  207 


pertide  vdooity  la  medium,  387 
propagation  of  plasticity  la  eoOda 
366-361 

rapid  loading  teats,  360,  366 
rupture  of  materials,  267 
strain  raU  teds,  286-266,  MS 
tensile  Impact  tecta,  266, 364-366 
true  stress,  387, 380 
mvstrsssing,  358-3S0 
Supersonic  wind  tunnel,  design  prob¬ 
lems,  381-384 

Surface  waves,  explosion  generated 
effect  on  mines,  83 
measurement  of,  80 

T-44  frangible  bullet,  343-348 
ballistic  coefficient,  943 
evaluation,  348 
limit  veluaty,  343-343 
limitation*  In  aerial  gunnery  training^ 
247 

performance  on  glass,  344 
propellant,  344448 
range,  343 

nee  with  K-18  sight,  348 
use  with  piston  gun,  348 
Thnk  boss  (tins  charge),  102, 108 
Tank  protection  against  shaped 

plastic  armor,  280-381  * 
spikes  on  panel*,  281 
Target  airplanes  for  as  rial  gunnery 
training,  346-246,  248 
Target  damage  techniques,  310-338 
air  blast,  311-313,  338 
non  fined  blast,  312,  328-330 
cratering  atU/tks,  827 
equivalent  h  .ru-aul  area  for  sloping 
target,  41* 
external  blast,  338 
Are,  316-316,  338 
force  requirement,  317-318 
fragmentation,  314-316,  396 
mining  of  harbor  entrances,  337 
prediction  of  damage,  310-311,  819 
radius  of  damage,  314-318 
shadow  ratio  chart,  452-463 
training  of  operations  analysts,  339- 
341 

underground  explosion,  313-313,  321, 
327-328,  330 

"underwater  oxplnaion,  313-314 
weapon  selection,  319-333 
Target  vulnerability,  315-333 
sir  transportation,  326-328,  446 
domeetio  construction,  234-285,  330, 
460,  409,  463,  465-467,  469 
Industrial  targets,  323-333,  436-437, 
460-162,  4P4,  468,  471-472 
Japanese  steel  Industry,  331-333 
military  targets,  319-324,  441-442 
rail  sad  hlghvay  transportation,  324- 
328,  448,  443,  45V 
steel  mills,  438 
underground  structures,  333 
utilities,  330 
warehouses,  330 


water  transportation,  837-838,  48X 
447 

Taylor  Mods!  Basis 
air-blast  measurements,  68 
cables  for  electrical  pressure  gauges, 
63 

resistor  gauge,  51, 71-72 
TtLeooa  (British)  oehte,  1U 
TsDennine,  43;  108,  106 
Tensile  testing  aq 

Terminal  ballistic* 
see  Ballistio  studies 
Testing  materials,  machines 
sse  Machines  lot  testing  materials 
Tstryt  chargee 
destructive  effect,  46-48,  984 
properties  and  usee,  369 
tetryi  booster,  68,  93 
Tetrytoi,  properties  and  usee,  389 
Thompson,  J.  j,,  shock  wave  preasure 
meMuremont,  A0 
TMl-43  (tellermloe),  103,  106 
TNT 

peak  pressure  and  positive  Impulse, 
78-79 

properties  and  uses,  889 
Torpcuoos 
aerial,  308,  308 
Bangalore,  309,  333824 
carpet-roll,  102 

effect  on  water  transportation,  327 
Torpex 

aluminum  content,  79 
bubble  period,  86 
composition,  20,  78 
effective  range,  38 
explosive  effect,  79 
properties  end  uses,  389 
sensitivity,  38 
tomex  D-l;  79 
underwater  weapons,  90 
Tourmaline  gauges 
advantages,  51 
calibration  methods,  38-39 
description,  60,  70 
sonsltivity,  70 

Trauu't  lead  block  test  of  sxplosivee, 
66 

Trialen,  78-79 
Tri  tonal 

aluminum  content,  79 
composition,  20,  78 
evaluation,  02,  04,  197 
explosive  effect,  79 
properties  and  uses,  369 
Tungsten  carbido  projectiles 
sorts  0f  attack,  179 
ballistio  coefficient,  169 
bend  strength,  184 
ofTeet  of  projectile  cap,  187 
effect  on  German  tanhs,  189 
perforating  ability,  178,  186,  408 
stability,  170 
standard  length,  188 
striking  velocity,  178 
types,  188 

UERL  spring-piston  gauge,  73-78 


Underground  sxpkeiooe 
see  Explosion*  under  grand;  Shock 
wv~v*  la  earth 
Ubteveter  explosions 
est  KxpJorion*  under  water;  Shock 
wave*  under  water 

Underwater  Sound  Reference  Labora¬ 
tory,  39 

U-  a  Naval  Bomb  Disposal  School,  MO 
Universe!  Indicator  mine,  10%  100 
Uni  vanity  of  LUlnoU,  288 
Uhhmfty  of  Praneyhranla,  808 

V2w*»t,300 

Von  Xcumann,  re  Section  of  ebook 
wave*,  83-83 

VT  (proximity)  fusing,  83,  87 
Watertown  Animal  Experimental  Lab¬ 
oratory,  235  . 


Weapon  daU  sheets,  342-364,  367-472 
Weapons,  airborne,  307-608 
Weapons,  ertffiery,  308-309 
Weapons,  effectiveness,  306-307,  309- 
311 

mean  ares  of  effectlvenoee,  309-311 
methods  of  studying;  306-307 
prediction  of  damage,  309411 
radkie  of  damage,  310-311 
recommendations  for  future  work- 
333 

Weapons,  selection  principles,  319-338 
airborne  rockets,  320 
AP  bomba,  322 
artillery  projectile*,  321 
cratering  bombs,  327-323 
delay  fused  bombs,  322 


fragmentation  bomba,  320,  327-828, 
330 

OP  bomb,  321-332 

high  explosive  bombs,  829 

Incendiary  bomba,  320,  330 

instantaneously  fused  bombs,  333 

LC  bomb,- 330 

Eos  chargee,  323-324 

ruckete,  821,  323,  828 

8AP  bomba,  226,  329,  332 

torpedoes,  828 

’'eetinghouse  Research  Laboratories, 
2SS 

Williams  gauge,  73 

Wind  tunnel,  supersede,  design  prob¬ 
lems,  261-254 

Woods  Hole  Ocean  ogre  phio  Institution, 
63 

Wright  Field,  Ohio,  242 
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